
Abstract 
 

Owen, Jr., James Stetter.  Clay amended soilless substrates:  Increasing water and 
nutrient efficiency in containerized crop production. (Under the direction of Drs. 
Stuart L. Warren and Ted. E. Bilderback.) 
 
Current management practices in containerized crop production maximize plant 

growth by supplying adequate or excess nutrient and water inputs.  In the United 

States, nursery production input use efficiency remains ≤ 50%, in part, because of 

the inert softwood bark used as a primary component of soilless substrate.  One 

technique to increase input use efficiency would be to engineer a substrate that 

increases nutrient and water buffering capacity of the substrate.  Clay may be such a 

component.  Clay has been used in the past to generically describe an inorganic 

mineral aggregate to amend a peat- or bark-based soilless substrate that increased 

water and nutrient buffering capacity.  Industrial mineral aggregates with various 

chemical composition, aggregate size, mineralogy, and temperature pretreatment 

have been used effectively as chemical absorbents, fertilizer carriers, or barrier clays 

to contain heavy metals.  Experiments herein were conducted to determine which 

physical and chemical attributes of industrial mineral aggregate could increase input 

use efficiency in containerized crop production and at what amendment rate plant 

growth and water and nutrient use efficiency are maximized.  Field experiments 

were conducted using Cotoneaster dammeri C.K. Schneid. ‘Skogholm’ as an 

indicator plant for growth, net photosynthesis (Pn), stomatal conductance (gs), and 

mineral nutrient content.  Plant were potted into 14 L containers in a pine bark based 

(PB) substrate with known physical properties and grown for approximately 120 days 

in 2002, 2003, and 2004 on outdoor facilities in Raleigh, NC that allowed for 



collection of effluent and influent, which was used to calculate a water budget.  In the 

laboratory, effluent NO3-N, NH4-N and dissolved reactive P (DRP) were quantified to 

determine effluent daily concentration and cumulative content which allowed for 

calculation of nutrient budgets.  In 2002, a bentonite palygorskite industrial 

amendment with contrasting particle size and temperature pretreatment was 

evaluated for its effect on growth, and water and nutrient use efficiency.  Substrate 

amended with a low volatile material (LVM) amended substrate leached 35% less 

dissolved reactive P (DRP) than the regular volatile aggregate amended substrate.  

In addition, a 0.25 to 0.85 mm aggregate amended substrate required 11 L less 

water applied per container when compared to 0.85 to 4.75 mm aggregate amended 

substrate.  In 2003, 0% to 20% (by vol.) rate of the 0.25 to 0.85 mm LVM 

palygorskite bentonite mineral aggregate were compared.  Plant growth and Pn 

increased curvilinearly and linearly with the maximum occurring at 12% and 11%, 

respectively.  Container capacity and available water (AW) increased linearly with 

increasing amendment rate, whereas, unavailable water and air space decreased 

linearly with increasing rate of mineral aggregate.  Water use efficiency of 

productivity and gs was maximized at 11% clay amendment rate.  Plant elemental 

nutrient content of P, K, Ca, and Mg increased when PB was amended with clay.  In 

2004, cotoneaster was grown in PB amended with 11% (by vol.) sand or 0.25 to 

0.85 mm LVM palygorskite bentonite clay mineral aggregate.  The PB amended with 

sand is representative of a typical industry substrate.  Treatments included a 

leaching fraction (LF) of 0.1 or 0.2 and P fertilization rate of 1.0x or 0.5x.  Pine bark 

amended with 11% (by vol.) clay increased AW 4% when compared to sand 



amendment.  Water use efficiency and plant growth increased if PB was amended 

with clay rather than sand.  Plant content of all macro-nutrients, with the exception of 

N, increased when PB was amended with clay versus sand.  Reduction of LF from 

0.2 to 0.1 decreased effluent DRP concentration and content 8% and 64%, 

respectively.  A PB substrate amended with 11% (by vol.) 0.25 to 0.85 mm LVM 

palygorksite-bentonite clay mineral aggregate can grow an equivalent plant with half 

of the water and P inputs.
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GENERAL INTRODUCTION AND LITERATURE REVIEW 

Soilless substrates are used extensively nationwide to produce containerized 

ornamental crops.  The primary substrate components in the southeast United 

States nursery industry are pine bark and sand.  This porous, primarily inert, media 

provides good physical characteristics for maximum growth.  A salable plant is 

quickly produced in a pine bark substrate associated with high nutrient and water 

inputs.  However, there is little use efficiency for these inputs, fertilizer and water, 

due to the inert porous nature of the substrate.  Water and nutrient use efficiency is 

a concern for growers due to increasing local, state, and federal intervention with 

water use, water availability and regional environmental impact.  Best management 

practices for containerized plant production that were introduced in 1997 are 

becoming more widely implemented, resulting in increased input use efficiency.  

Practices such as cyclic irrigation, monitoring and water reclamation have begun to 

address the increasing concerns while also being of economic value to the grower.  

Growers are now attempting to remain at the forefront of input use efficiency for 

maximized economic benefit with minimal government intervention. 

Current and past research has examined minimizing inputs and maximizing 

retention of water and nutrients.  Increased efficiency has been achieved by 

reducing water volume applied, adjusting water application timing, increasing water 

application efficiency, optimizing fertility rates, and amending soilless substrates to 

retain both nutrients and water.  While many of these practices have been adopted 

by the nursery industry, there has been little change in substrates since the 

introduction of pine bark media due to cost, acceptance, and availability.  The 
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introduction of a new substrate component or amendment that decreases water use 

and increases nutrient use efficiency could ease economic and governmental 

concerns by partially reducing the need for infrastructural changes.  Clay, a 

substrate component gaining recognition in the European Union is such a 

constituent.  Little research has been reported using clay with pine bark, however 

personal communication and a previous study has shown clay to be an economically 

feasible soilless substrate amendment that can increase nutrient and water efficacy.  

Clay has been researched as an amendment in peat based soilless substrates 

which have resulted in its growing acceptance abroad and locally in the commercial 

floriculture industry.  Clay as an amendment is commonplace in books and reviews 

of horticultural substrates, but with little academic experimentation or industry use in 

containerized nursery crops.   

Clay amendments ability to retain nutrients and water has yet to be described 

mechanistically.  This description would allow for a greater understanding of the 

influence of type, structure, source, and production technique have on the attributes 

of clay minerals as a soilless substrate component or amendment.  These physical 

and chemical properties determine surface area, water holding capacity, and ion 

exchange capacity.  The objective of this research was to examine clay type, source, 

and production technique to determine which clay mineral at a given rate was yield 

maximum growth while increasing input use efficiency.
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Soilless Substrate Components 

Pine bark (PB) or softwood bark and sand are the standard components of 

soilless substrate in the Southeastern United States used in containerized nursery 

production.  In the southeast United States the primary pine species milled for timber 

are listed in Table 1.  Pine bark as a by-product of milling is now used extensively as 

a component of soilless substrates, landscape mulch, and a soil amendment (Ogden 

et al., 1987; and references therein).  The chemical properties of Southern milled PB 

are presented in Table 2.  Pine bark is a relatively inert media with less ion 

exchange capacity or water holding capacity of a mineral soil.  However, PB was 

chosen due to its availability, favorable physical properties, and lack of detrimental 

chemical constituents when used as a component in container substrates.   

 

Table 1.  Bark pH of common Pinus species used in southeast timber 

industry (Ogden et al., 1987; and references therein). 

   
  Common Name Botanical Name and Authority   pH 
   
  Shortleaf pine     P. echinata Mill.   3.7 

  Slash pine     P. elliottii Engelm.   3.7 

  Longleaf pine     P. palustris Mill.   3.5 

  Loblolly pine     P. taeda L.   3.8 

  Virginia Pine     P. virginiana Mill.   ---- 
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Fresh PB is an identifiable, undecomposed organic matter (OM) that remains 

relatively stable due to high lignin content (Mauseth, 1988).  Pine bark slowly 

decomposes over time resulting in a higher fraction of small particles which reduce 

air space and increase available water content (Table 3).  During decomposition, 

lignin molecules gain greater exposure and phenolics or tannins are released.  The 

ion exchange capacity of PB is due to these organic compounds, but attribute little 

ion retention due to the intense irrigation and leaching a container medium 

undergoes during crop production.   

 

Table 2.  Chemical characteristics of native bark before processing 

(Tucker, 2003; adopted from Ogden et al., 1987). 

    
Soil Test Parameter Ranges 

    
   Bark pH in water 3.40 – 4.50

   Buffer Acidity (Ac) 4.40 – 7.40

   Phosphorus (mg L-1) 11.50 – 23.00

   Potassium (mg L-1) 134.00 – 215.00

   Calcium (% of CEC) 8.50 – 24.00

   Magnesium (% of CEC) 4.50 –  6.20

   Manganese (mg L-1) 4.50 –  15.00

   Zinc (mg L-1) 1.80 – 4.40

   Copper (mg L-1) 0.22 –  0.50

   Boron (mg L-1) 0.15 –  1.10 

   Fe (mg L-1) 0.61 –  1.10

   Cation Exchange Capacity (CEC) 6.30 – 9.92
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Anions can adsorb by forming surface complexes with both metal-oxides, 

associated with the surface of sand and bark, and organic matter.  Prasad (1979) 

reported that PB can complex substantial amount of phosphorus (P) due to its high 

iron (Fe) content (≤ 1765 mg L-1, Ogden, 1982).  However, little of the Fe and P (~ 7 

mg L-1, Pokorny, 1979) is soluble and cannot be extracted in any quantity with water 

(Ogden et al., 1987).  Nitrate (NO3) is readily leached from PB substrate because of 

its low affinity to form complexes and the porous nature of the medium.  Cations 

present in PB, such as potassium (K), are not available in needed concentrations to 

sustain plant growth due to their low solubility in water.  Ammoniacal nitrogen (NH4-

N) retention of PB is pH dependent.  This is primarily a function of a given pH which 

dictates the protonated form of organic acids which are believed to be responsible 

for complexing nitrogen (N) or P (Ogden et al., 1987; and references therein).  
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Table 3  Physical properties of 8 pine bark : 1 sand (by vol.)  substrate with aged or 

fresh PB from the southeast United States (personnel communication, Ted Bilderback) 

              
8 Pine 

Bark : Total Air Filled Container Available Unavailable Bulk 

1 Sand Porosity Porosity Capacity Water  Water Density 

 __________________________________ (% volume) __________________________________ (g cm-3) 

              
       
Fresh  85.44 36.32 49.12 15.84 33.28 0.32 

Aged 82.80 25.90 56.90 22.65 34.25 0.33 

              
       

Std. Range 50 - 85 10 - 30 45 - 65 25 - 30 25 - 30 

0.19 - 

0.52 
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Soilless Substrate Amendments 
 

Substrate amendments are used to increase bulk density (Db), available water 

(AW), air space (AS), or nutrient retention.  Amendments may also be used to 

replace limited substrate components, such as non-renewable resources, i.e., peat 

moss.  Substrate amendments that offer these attributes have been studied at length 

with some products being integrated into the industry. 

Inorganic amendments range widely in physical and chemical composition.  

Soil is a component that was used readily in the past, but was discontinued due to 

high Db, inconsistent quality, and associated pathogens.  However, soil is used 

currently in nurseries located in the tropics because of its high water holding 

capacity and increased cation exchange capacity (CEC) (Handreck and Black, 

2002).  Sand is the primary inorganic amendment or component in the southeast 

United States.  Course, sharp sands (0.25 mm to 2 mm) increase Db, aeration, and 

water holding capacity (Reed, 1996).  Perlite is an alternative to sand, however price 

has limited its use in the nursery industry.  Calcined or expanded clay and zeolite 

have been used to replace sand or other inorganic components in Europe.  Clay 

minerals increase percolation rate, drainage, and air space (Reed, 1996).   Calcined 

palygorskite clay has been shown to increase pH buffering capacity, reduce 

available phosphorus (P), reduce P leaching, and provide aluminum (Al) at pH 4.5 - 

4.9 (Handreck and Black, 2002).  Zeolite and palygorskite alleviated NH4 toxicity, but 

only zeolite increased nutrient use efficiency (NUE, Eq[1]) by binding NH4-N 

(Handreck and Black, 2002; Reed, 1996).   
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 (g) (RN)nutrient   recovered
 (g)  absorbedplant nutrient     (NUE) efficiency  usenutrient  =                [1] 

  )prills fertilizer  plant      substrate   (effluent (g)  RN
nutrient ∑ +++=         [2] 

 Clay as a soilless amendment increases the nutrient and pH buffering 

capacity of the substrate due to the variable and fixed charges associated with the 

mineral.  Fixed charges and variable mineral charges bind nutrients or protons 

buffering the substrate system from rapid changes and present a labile nutrient 

reserve that cannot be readily leached.  Clay minerals as an amendment have been 

studied primarily in peat-based substrates with little research being done with a PB-

based medium.   

Substrate physical properties of 4 or 6 expanded clay : 1 brown peat 

substrate were examined by Riviere et al. (1990).  The 6 clay : 1 peat substrate 

resulted in a 4% and 42% increase in porosity and easily available water when 

compared 4 clay : 1 peat .  Verhagen (personal communication) found conflicting 

results, stating that easily available water decreased with increasing rate of the clay 

components regardless of clay type.  Verhagen also found that the addition of an 

industrial clay component decreased water extractable P approximately 4-fold and 

increased NH4 retention < 3-fold.  A peat (30% by vol.), compost (50% by vol.) 

substrate containing 20% (by vol.) Zeolite (< 40 mesh) or Turface, a calcined clay, 

were compared for N and P retention (Bugbee and Elliot, 1998).  The study showed 

intermediary to maximum growth of Rudbeckia hirta L., in a substrate containing 

calcined arcillite clay that reduced P leaching by 70% when compared to the control 

which contained 20% (by vol.) sand.   
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Carlile and Bedford (1988) studied the use of a 20%, 35%, 50% (by vol.) 

calcined clay in a peat based substrates.  They reported that plant growth increased 

with increasing substrate clay content.  Ericaceous plants, being the exception, had 

a negative response to higher clay rates.  The increased growth with increasing rate 

of clay over a wide range of plant species was most likely due to the observed 

higher air-filled porosity and electrical conductivity.  Noting, also that pH, Ca, and K 

increased whereas magnesium (Mg) and P decreased as the percent of clay 

increased (Carlile and Bedford, 1988).  Carlile and Bedford (1988) also noted that 

plant stability (blow over) increased with increasing substrate clay content.  Meinken, 

(1997) evaluated expanded clay for indoor plantings.  He reported that 30% of the P 

formed compounds with low solubility, but N and K solution concentration increased 

with increasing fertilizer rate.  Meinken (1997) hypothesized K remained soluble 

when removed from solution but was present as hydrated ions in the water 

associated with the clay.  Spomer (1998) found that substrates containing expanded 

clay have intra-pores that may contain water that is available to the plant.  In 

addition, the substrate amended with clay had increased air space and tortuosity 

possibly result in greater water retention.  

Laiche and Nash (1990) conducted research using arkalite, a lightweight clay 

aggregate, or sand as the inorganic substrate component.  Water extractable 

nutrients were compared from substrates consisting of PB and screened, crushed or 

blended arkillite at a 4 organic : 1 inorganic ratio.  The incorporation of arkillite into 

the substrate resulted in increased extractable Na, or Ca and decreased Mg or K 

(Table 4).  These changes were most with notable the crushed clay.  They 
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speculated this was most likely due to increased reactivity associated with increased 

surface area.  In the same study fresh weight of Rhododendron indicum L. ‘Formosa’ 

stayed consistent (~306 g) between fertilizer treatments of 5 or 9 kg m-3 using 

arkillite as the inorganic component.  Using sand as the inorganic substrate 

component resulted in a 49% decrease in fresh weight from 394 g to 264 g using 5 

or 9 kg m-1 of CRF, respectively.  Ruter (2003) investigated P “binding” of 

palygorskite from GA at various particle sized when used to amend an 8 PB : 1 sand 

substrate.  He reported that with controlled release fertilizers (CRF) there was a 

61%, 76%, or 74% reduction of the Pi leached when using particle sizes > 3.36 mm, 

< 1.00 mm or a the spectrum of particle sizes ranging from < 1.00 and > 3.36 mm, 

respectively.  

Warren and Bilderback (1992) compared rates (0, 27, 54, 67, 81 kg m-3) of 

arcillite in PB substrate, finding that incorporation resulted in a change in pore size 

distribution that curvilinearly increased available water and linearly decreased air 

space, but had no affect total porosity.   Ammonium, P, or K concentration 

decreased with increasing arcillite rate.  However, plant growth of Rhododendron sp. 

‘Sunglow’ increased curvilinearly with arcillite, the optimum rate being 57 kg m-3.  

This increased growth was hypothesized to be the result of more P, K and Mg root 

absorption and increased available water in the substrate. 
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Table 4.  Water extractable nutrients, pH, EC and sodium adsorption ratio (SAR) for 

three particle sizes of arkillite or sand (Laiche and Nash, 1990) 

        
Inorganic 2 : 1 water extractable nutrients   

Substrate        

Component K Ca Mg Na pH EC SAR 

 __________________  mg L-1  ________________  (umhos cm-1)  
        
Sand 122 0 28 25 3.80 920 1.01 

        
Arkillite        

        
   Screened 93 122 11 23 3.97 600 0.53 

   Crushed  122 97 14 41 3.93 760 1.02 

   Blended 89 89 15 14 3.90 640 0.36 
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Ehret et al. (1998) evaluated vegetable growth and yield with the addition of a 

pasteurized < 0.3 mm particle size marine glacial chlorite mica.  The clay non-

swelling chlorite was used to form a 0, 1, 5, or 10 g L-1 clay nutrient suspension or to 

amend a sawdust substrate with 4.3, 21.4, or 42.8 g clay dm-1 sawdust.  Cucumis 

sativus L. significantly increased number of marketable fruit and fruit fresh with as 

nutrient suspension clay content increased and  maximum cucumber yield was 

obtained with 21.4 g clay dm-1 amended sawdust.  In a corresponding study, Ehret 

et al. (1998) also found increasing dry weight and flower number for both 

Pelargonium x hortum L.H. Bailey and Impatiens wallerana Hook. f. with increasing 

rates of suspended clay in the nutrient solution.  

Williams and Nelson (1997) amended a peat perlite medium with 20% P and 

20% K precharged zeolite (8/20 mesh) as a nutrient carrier or labile pool for growth 

of Dendranthema x grandiflorum (Ramat.) Kitamura ‘Sunny Mandalay’.  The result 

was that plant P and K content was adequate with the use of precharged zeolite, 

however after 40 days P plant content declined and became insufficient in the 

substrate to maintain maximum growth.  The use of precharged zeolite significantly 

reduced P and K leaching from the substrate.  The degree of saturation precharged 

zeolite affected K uptake, but not P.  This is most likely due to saturation of available 

adsorption sites at a given elements concentration, pH, and degree of mineral 

saturation. Brocshat (2001; and references therein) hypothesized that NH4-N and K 

could be retained by the micro-channels within zeolite and that these attributed to 

the nutrition status.  These micropores prevent the bacteria from reaching and 
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nitrifying NH4-N.  This could also be the case for palygorskite clays that have similar 

channels and crystalline architecture.   

Williams and Nelson (2000) further investigated using small or large particle 

sizes of palygorskite, one size arcillite or brick chip as a precharged source of P and 

K in peat:perlite based medium at 10%, 20%, and 30% by vol.  The industrial 

calcined palygorskite clay from Florida adsorbed approximately 77% more P than 

other the other materials, with the greatest amount of P sorbed (approximately 25 g 

m-3) occurring with the smaller particle size. The brick chips sorbed negligible 

amounts of K, whereas arcillite and palygorskite (regardless of size) adsorbed 

approximately 13 g P m-3 and 17 g P m-3, respectivley (Fig. 1).  Phosphorus leachate 

was reduced by the precharged palygorskite (6% P leached) as compared to arcillite 

(18% P leached), brick chips (11% P leached), or the control (37% P leached).  This 

is reflected by the high P concentration maintained in the substrate solution on the 

onset of the experiment (Fig. 2).  
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Fig. 1.  (A) Phosphate and (B) potassium sorption curves for 

palygorskite at two particle sizes; (●) large (1.6mm – 3.2 mm) or (○) 

small (0.8mm – 1.6 mm), (□) arcillite, ( ) brick chips, or the (■) control 

substrate consisting of 7 peat : 3 perlite . (Williams and Nelson, 2000). 
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Fig. 2.  Phosphate concentration 

of substrate solution over 70 

days for five treatments; 

complete fertilizer (■), fertilizer 

without P(□), 20% by vol. 

precharged palygorskite ( ), 

20% by vol. precharged arcillite 

(●), 20% by vol. precharged brick 

chips ( ) (Williams and Nelson, 

2000). 
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Clay Minerals  
 

Clay is defined as a secondary mineral, weathered primary mineral, with a 

particle size < 2 µm.  Clays of interest as a soilless substrate amendment are 2:1 

layer phyllosillicate minerals; smectite, palygorskite, and illite.  These phyllosillicate 

minerals (often called “clay minerals”) are formed in layers composed of one 

octahedral sheet that occurs between two parallel tetrahedral sheets (Fig. 3).  The 

space between the layers can be collapsed or expanded depending on the clay 

mineral and associated interlayer cations.  The tetrahedral sheet is composed 

primarily of silica-oxides (Si-O); Si4+ ions coordinated ot O2-.  The octahedral sheet is 

composed of cations, (Al3+, Fe2+, Fe3+, Mg2+) coordinated to O2- and can be either di- 

or tri-octahedral if two or all three cation positions are filled, respectively (Fig. 3).  

Ions can be isomorphically substituted (Mg2+ → Al3+) or replaced by cations of 

similar ionic radius (IR) and coordination.   

The surface of the clay mineral will then be positively or negatively charged if 

the pH decreases or increases, respectively, with regard to point of zero charge 

(PZC).  Therefore, active lewis-acid surface functional groups such as silonal (SiOH) 

or aluminol (AlOH) that contribute to adsorption are affected by PZC through 

protonation or deprotonation.  These surface groups can form inner- or outer-sphere 

complexes which are affected by pH, surface loading, ionic strength of solution, and 

time (Sparks, 2003).  These surface complexes determine the availability or 

solubility of a complex. An outer-sphere complex is weakly bonded with coloumbic 

forces in which a ligand exchange has occurred.   A strong covalent bond typically 
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occurs over time resulting in an insoluble, non-labile inner-sphere complex.  The 

mineral surface is generally negatively charged generating an electrical or diffuse 

double layer that results in a concentration of cations (50 - 300 A° thick) adjacent to 

the surface (Tan, 1998).  Increased cation valence or solution ionic strength reduces 

the thickness of the double layer.  Cation exchange capacity is a function of the 

colloid surface charge per unit of surface area.  Cation binding increases with 

increasing valence or penetrating power of the metal (Tan, 1998).   

Crystalline, zeolitic, and adsorbed water are the three forms of water 

associated with a clay mineral.  Crystalline water is a part of the mineral structure 

and zeolitic water occurs within the minerals capillary pores.  The surface of the 

mineral can also adsorb water through electrostatic forces or hydrogen bonding, 

creating a hydration shell around an industrial granular mineral.  These chemical and 

physical properties have allowed aluminosilicates to be widely used in industrial 

applications.  

Palygorskite and smectites have a wide range of industrial uses (Table 5) due 

to their essential physical and chemical properties.  The two most used smectites 

are sodium- (Na) and calcium- (Ca) montmorillonite.  Palygorskite is used as an 

absorbent and is the carrier of choice for fertilizer suspension applications due to its 

stability (Murray, 2002).  A combination of Ca-montmorillonite and palygorskite are 

also used as barrier clays to remove or contain heavy metals or toxins (Murray, 

2002).   
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Fig. 3.  Structure and nomenclature of 1:1 

and 2:1 layer phyllosilicate minerals 

(Schulze, 2000). 

 

 

However, these clay minerals require processing before being used in 

industrial applications.  The mineral is screened into an appropriate particle size for 

use.  The most popular size for the agriculture industry is 24/48 mesh size.  This 

material, however, is actually composed of particle sizes passed between 20/60 

mesh sieves (0.85 - 0.25 mm) )(Moll and Goss, 1997).  Industrial clay minerals are 

also dried at 121°C (250°F) and described as Regular Volatile Material (RVM) (Moll 

and Goss, 1997).  RVM products are soft and have 8-12% water by weight.  The 

dried product can be subjected to further heating [≤ 800°C (≤ 1500°F)] and classified 

as a Low Volatile Material (LVM) which is calcined, or fixed, contianing 0-1% water 

by weight (personal communication, Robert Goss, Oil-Dri R&D).  Both RVM and 
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LVM products are used widely.  The two specific clay mineral products examined in 

our research will be further discussed below. 

 

 

 

Table 5.  Current applications for industrial clay minerals; 

smectite and palygorskite (adopted from Murray, 2000) 

  
Smectites Palygorskites 

  
  
   Adhesives    Industrial floor absorbents 

   Agricultural carriers    Agricultural carriers 

   Animal feed bonds    Animal feed bondant 

   Bleaching clay    Anti-caking agent 

   Cat box absorbents    Cat box absorbents 

   Catalysts    Catalyst supports 

   Cosmetics    Drilling fluids 

   Desiccants    Environmental absorbent 

   Foundry bond clay    Pharmaceuticals 

   Pelletizing iron ores    Reinforcing fillers 

   Pharmaceuticals    Suspension fertilizers 
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Commercial grade Ca-montmorillonite, referred to as bentonite, from 

Mississippi was formed in the embayment from volcanic ash (Moll and Goss, 1997).  

The silica minerals quartz and opal can also be found in the ore (Table 6). 

Montmorillonite, a smectite, is a 2:1 layer mineral (Fig. 4) with a plate like surface or 

structure (Fig. 5).  Montmorillonite can exchange mono- and di-valent cations alike, 

however Ca, Mg, and K are dominantly exchanged (Borchardt, 1998).  The mineral 

has a high affinity for divalent cations and is naturally saturated with Ca and Mg 

(Borchardt, 1998).  A calcium montmorillonite has a higher percentage of 

exchangeable hydrated calcium in the interlayer (Velde, 1992) (Fig. 4).  

Montmorillonite has little isomorphic substitution, is commonly dioctahedral (Fig. 4), 

has a high layer charge, little variable or pH dependent charge, high surface area 

(Fig. 5), and occurs naturally as a hydrated aluminosilicate (Tan, 1998; Borchardt, 

1998).  The water associated with a smectite is primarily surface adsorbed water or 

tightly bound interlayer water (Velde, 1992).  Montmorillonites have a high CEC (≈ 

115 cmolc kg-1) with a small portion of this charge contributed by edge groups (≈ 5 

cmolc kg-1) (Borchardt, 1998).  There is little anion exchange capacity (AEC) (< 5 

cmolc kg-1) associated with smectites.  Cation exchange capacity is primarily a result 

of isomorphic substitution in the octahedral sheet (Tan, 1998).  A montmorillonite-

related mineral is hydrous mica such as illite.  Illite is a 2:1 layer dioctahedral mineral 

that has crystalline structures or clay species ranging from muscovite to 

montmorillonite (Tan, 1998).  The primary difference is that illite has a non-

expanding interlayer which has collapsed on fixed cations, dominantly potassium 



 

 

21

(Fanning et al., 1998) (Fig. 4).  Illite can be transformed into a smectite upon 

weathering over  geological time and chemical decomposition (Tan, 1998). 

 

 

 

 

Fig. 4.  Stucture of montmorillonite (A) and 

mica-illite (B) phyllosilicate minerals 

(Schulze, 2000). 

 
 

 

 

A

B
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Table 6.  Minerals identified through X-ray diffraction of RVM and LVM 

products from two sources (Oil Dri Corp. of America). 

 

   
Temperature Source 

treatment Ripley, MS Ocklocknee, GA 

   
   
 Ca-montmorillonite Al-Palygorskite 

     RVM   Ca0.2(Al,Mg)2Si4O10(OH)24H2O      MgAlSi4O10(OH) ·4H2O 

   (121°C) Illite Ca-montmorillonite 

    (K,H3O)Al2Si3AlO10(OH)2    Ca0.2(Al,Mg)2Si4O10(OH)2·4H2O 

 Quartz Quartz 

      SiO2      SiO2 

 Opal-A  

      SiO2· x H2O  

   
 Illite (collapsed Ca-

montmorillonite) 

Al-Palygorskite 

     LVM    (K, H3O)Al2Si3AlO10(OH)2    (Mg,Al)2.5(Si,Al)4O10(OH) ·4H2O 

(300 - 800°C) Quartz Illite (collapsed Ca-

montmorillonite) 

      SiO2      KAl2(Al2Si3)AlO10(OH)2 

 Opal-A Quartz 

      SiO2·xH2O      SiO2 
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Fig. 5.  SEM image of (A) Na-montmorillonite (Murray, 2000), (B) 

calcined Ca-montmorillonite, quartz blend, (Oil-Dry Corp. of 

America), (C) palygorskite (Murray, 2000), and (D) calcined Al-

palygorskite, Ca- montmorillo nite and quartz blends (Oil-Dry 

Corp. of America). 
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Palygorskite (syn. attapulgite, Fuller’s Earth, hormite clay) ores occur in the 

Fuller’s Earth District in southern Georgia and northern Florida.  This deposit is the 

result of sediment that was transformed by the sea to form primarily palygorskite 

(Moll and Goss, 1997) and some Ca-montmorillonite that may be randomly 

interstratified with illite.  Palygorskite is a Si rich mineral that occurs as a 2:1 

dioctahedral fibrous or chain-like aluminosilicate (Fig. 6) that appear as rods (Fig. 5).  

This unique structure allows for the presence of zeolitic water (Fig. 6) (Velde, 1992).   

Zeolitic water is easily released upon heating.  Adsorbed and crystalline water are 

also associated with this mineral.  Due to the large amount of immeasurable micro-

pores, determining the specific surface area of palygorskite has proven difficult.  The 

theoretical surface area is 8-9 x 105 m2 kg-1 (Singer, 1988).  Palygorskite has a low 

CEC (5 – 30 cmolc kg-1) when compared to smectite minerals.  The AEC of 

palygorskite has not been reported, however this author theorizes the AEC may be 

great due to having 28% - 59% of the octahedral sites and ≤ 11% of the tetrahedral 

sites filled with Al (Singer, 1988; an references therein).  In an aluminum rich 

environment, Al will be isomorphic substituted for Mg in the octahedral sheet.  A 

great proportion of the crystalline Al in a palygorskite mineral is exposed as edge 

groups and thus very reactive.  Palygorskite is also relatively unstable at low pH or in 

environments low in Mg, allowing the mineral to be transformed to smectite or an 

amorphous metal oxide.   

As mentioned previously palygorskite is used as sorbents and pesticide 

carriers.  This is due to the minerals high affinity to sorb organic minerals.  Organo-

mineral complexes are believed to form due to associations with adsorbed surface 
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water which retain non-polar molecules and intra-crystalline water which has a high 

affinity for small polar molecules.  Other methods of organic molecule retention 

include polar organic complexes through covalent binding with silonal (SiOH) 

surface groups and H-bonding associated with hydrated sorbed cations (Singer, 

1988; an references therein). 

 

 

 

Fig. 6.  Structure of the 2:1 layer aluminosilicate 

mineral palygorskite (Schulze, 2000). 

 

 

The products used in our research are a composite of the minerals described:  

Ca-montmorillonite, illite, Al-palygorskite, or quartz (Table 6).  The type of clay is 

determined by the source or location where clay is mined, the parent material, and 

what geological processes occurred at the sight.  These minerals undergo further 

physical transformations upon heating or dehydration (Table 6).   

Bray et al. (1998) determined the kinetics of dehydration for a Ca-

montmorillonite. The two stages of dehydration were dependent on the interlayer 
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water.  Both temperature and rate of heating influenced dehydration thus affecting 

the interlayer spacing (A°) at a given temperature and rate.  At the completion of Ca-

montmorillonite dehydration (200-400°C; dependent on rate) the interlayer 

completely collapses, incorporating interlayer cations into the tetrahedral or 

unoccupied octahedral sheets (Bray et al., 1998; and references therein).  

Thermal transformation of Palygorskite depends on temperature and rate of 

dehydration.  Thermal treatment of palygorskite had little effect on micro- and macro-

pores of palygorskite until approximately 1000ºC when the crystalline structure 

becomes amorphous (Table 7) (Gonzalez et al., 1990).  At temperatures 

approximately 300ºC half of the molecular water in the octahedral sheet is lost and 

tetrahedral silica sheets undergo folding.  At temperatures 400ºC to 600ºC 

palygorskite becomes reversibly hemi-anhydrous due to these structural changes, 

but can be reversed through re-hydration over time (Gonzalez et al., 1990).  At 

temperatures 500ºC - 600ºC the structural changes result in the closing of the pores 

created by the three dimensional, fibrous structure and the mineral becomes 

irreversibly anhydrous (Table 7) (Gonzalez et al., 1990; Velde, 1992). 
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 Table 7.  Macro- and meso-porosity of Alrich Spanish palygorskite minerals 

 at different thermal treatments or stages of dehydration (adopted from  

 Gonzalez et al., 1990, Sing et al., 1985). 

                

  
N2 adsorption-desorption 

isothermsz Mercury porosimetryy 
        
  Specific  Mean Specific  Mean 
 surface Pore pore surface Pore pore 
Temperature  area volume radius area volume radius 
(ºC)  (m2 g-1) (cm3 g-1) (Aº) (m2 g-1) (cm3 g-1) (Aº) 

                
        
        

0  71 0.140 39 103 2.080 405 

100  69 0.159 47 86 1.966 457 

200  69 0.162 47 82 2.125 518 

300  71 0.163 46 81 2.166 535 

400  64 0.158 49 90 2.405 534 

600  65 0.165 51 93 2.338 503 

1000  5 0.018 72 13 0.618 951 
 Z A measure of macro- and meso-porosity. 

 y A measure of macro-porosity. 



 

 

28

The differences in chemical quantities between products, Georgia and 

Mississippi, used in our research are reported in Table 8.  The most notable, but 

unlikely significant, is Al which is approximately 3% greater in clay minerals mined 

from the Georgia ore.  This may be a small percentage, but a larger portion of this Al 

is reactive due to the structure and type of clay minerals present at the location.  An 

example of this is the Ca-montmorillonite from Mississippi has a high percentage 

(approximately 7%) of  iron, but still has a low AEC which is commonly high with 

minerals containing Fe-oxides.  The product mined in Georgia also has a > 2-fold 

higher Mg and Ca content, which can form surface or solution precipitates with 

oxyanions (Table 8). 
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Table 8.  Chemical analysis of calcined Ca-

montmorillonite, quartz  blend from Ripley, MS and 

Al-palygorskite, Ca-montmorillonite  blend from 

Ocklocknee, GA (Oil-Dri Corporation of America, 

Chicago, IL) 

      

 Source 

Ripley, MS Ocklocknee,GA 
Component ____________Weight %____________ 
   

SiO2 76.72 70.81 

Al2O3 11.28 14.12 

CaO 0.63  2.22 

MgO 2.04 4.57 

Na2O 0.10 0.23 

K2O 1.26 1.30 

Fe2O3 6.51 4.98 

MnO 0.01 0.04 

P2O5 0.11 0.99 

TiO2 0.52 0.62 

FeO 0.82 0.11 

Loss on Ignition 2.20 6.00 
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Woody Plant Nutrition 
 

The macronutrients N, P and K are essential for plant growth.  These 

elements are used in biochemical processes within all plants.  Nutrients are retained 

by mineral soils but their buffering capacity varies due to the elements affinity for 

CEC sites (Eq.[3]) and AEC sites (Eq.[4]) (Havlin et al., 1999).   

 ++++++ >=>>> NaNHKMgCaAl 4
223                                                         [3] 

 −−−− =>> ClNOSOPOH 3
2
442                                                   [4] 

Nutrient content in the substrate solution and mature plant leaves have been 

quantified for maximum growth and are reported in Table 9.  Below these given 

limits growth may be restricted.  Plant nutrient uptake is a result of root interception 

with the element, diffusion of element due to concentration gradients produced by 

the rhizosphere, or water mass flow due to water movement as a result of 

transpiration.  Nutrients are taken up by one or a combination of these methods 

which determine the availability of the element.  The method of uptake determines 

the strategies the plant must undergo to acquire the nutrient.  In soil, root 

interception has a minor role in nutrient acquisition.  This author hypothesizes that in 

limited volume soilless container systems interception may play a more important 

role due to greater root exploitation of the substrate volume.  However, P or K are 

predominantly supplied to the root through diffusion and nitrate is primarily taken up 

via mass flow (Mengel and Kirkby, 2001).  The rate of diffusion is determined by the 
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elements diffusion coefficient and the tortuosity of the growing medium (Table 10).  

This review will focus on N (NH4-N, NO3-N), P, and K. 

Nitrogen 
 

This section will focus on NH4-N and NO3-N, the two forms typically applied 

as fertilizer in containerized production.  Nitrate uptake is primarily a result of mass 

flow whereas NH4-N is a result of primarily diffusion (Havlin, et al. 1999).  Nitrate is 

an anion in the substrate solution which has a low affinity to binding sites in mineral 

soils or soilless substrates, thus NO3-N is mobile because it remains primarily in 

solution.  Ammonium is a cation that can be readily exchanged with CEC sites 

associated with minerals.  Uptake of nitrogen follows the daily diurnal pattern of 

photosynthesis (Pn) and transpiration that occurs in woody plants and increases 

seasonally, with the greatest taking place in spring and summer.  Nitrogen is an 

integral component of plant proteins, amino acids, nucleic acids and secondary 

metabolites. 

Ammonium undergoes nitrification, a two step acidifying process, yielding NO3 with 

nitrite  (NO2) and protons as intermediary products.  These chemical processes 

(Eq.[5], Eq.[6]) progress only when microbes are present in the substrate to 

biologically oxidize NH4.   

+−+ ++ →+ 4H    O2H    2NO  3O    2NH 22
oxidation

asNitrosomon
  

24                                         [5]                

  2NO  O    2NO 3
  oxidation
  rNitrobacte

  
22

−−  →+                                                  [6] 
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Table 9.  Optimal nutrient content of macro- and micro-nutrients in soilless substrate  

 and mature leaves of woody plants. 

          
 Nutrient Content 
          

 Substrate Solutionz Woody Plantsz Cotoneaster dammeri y 

Analysis mg L-1 % dry wt leaf 

        
        
Nitrogen (N) 15 ― 25 2.0 ― 2.5 1.86 ― 3.40 

Phosphorus (P) 5 ― 10 0.2 ― 0.4 0.21 ― 0.35 

Potassium (K) 10 ― 20 1.5 ― 2.0 1.21 ― 1.92 

Calcium (Ca) 20 ― 40 0.5 ― 1.0 0.89 ― 1.20 

Magnesium (Mg) 15 ― 20 0.3 ― 0.8 0.22 ― 0.45 
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Table 9.  Continued 
 

          
 Nutrient Content 
          

 Substrate Solutionz Woody Plantsz Cotoneaster dammeri y 

     
Analysis mg L- mg L-1 
      

Iron (Fe) 0.5 100 ― 200 54 ― 167 

Manganese (Mn) 0.3 50 ― 100 86 ― 132 

Zinc (Zn) 0.2 20 ― 75 30 ― 49 

Copper (Cu) 0.02 5 ― 10 3 ― 12 

Boron (B) 0.05 20 ― 30 35 ― 77 

          
pH 5.0 ― 6.0       

 0.2 ― 0.5       
EC (mmhos cm-1)          

 z Adopted form Yeager et al., 1997. 

   y Adopted from Mills and Jones, 1996. 
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Table 10.  Diffusion coefficient and movement of three macronutrients in water 

and soil, respectively (adopted from Mengel and Kirkby, 2001). 

    
 Diffusion Coefficient Movement in soil 

Ion Water (25 C) Soilz mm day-1 

    
    
NO3

- 1.9  x  10-9 10-10  –  10-11 3.00 

K+ 2.0  x  10-9 10-10  –  10-11 0.90 

H2PO4
- 0.9  x  10-9 10-10  –  10-11 0.13 

    
z Diffusion coefficient is given as an order of magnitude 

 

Microbial populations are abundant after 20-30 days in containers having relatively 

inert substrate components (Niemiera and Wright, 1986).   Therefore, after 30 days 

nitrification results in a rapid transformation of NH4 to NO3.   

Both NO3 and NH4 can be taken up readily by plants and affinity for the N 

form has been found to be species dependent resulting in an optimum ratio of the 

two forms.  The preferential uptake of NO3 or NH4 can result in a two unit change in 

pH, however it is not a typical occurrence in mineral soils due to their pH buffering 

capacity (Marschner, 1995).  Ammonium has a IR similar to K allowing it to adsorb 

with the mineral fractions of the soil.  Ammonium mineral fixation is typically 

associated with illite or smectite clay species, where it is retained as an interlayer 

cation, and competes with K for the same exchange sites (Fig. 7) (Mengel and 

Kirkby, 2001).  Fixed NH4 is not nitrified and is unavailable to the plant (Mengel and 
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Kirkby, 2001; Havlin et al., 1999).  Thus, fixed NH4 acts as a labile source of N with 

decreases occurring seasonally, spring and summer, due to increased root growth 

and the physiological plant need for N in structural and metabolic components. 

 

 

Fig. 7.  Ammonium fixation on illite like 2:1 

clay minerals (Havlin et al., 1999) 

 

Uptake of the anionic and cationic form of N differs in mechanism.  Root 

uptake of NO3 is an active, regulated process that is driven against the proton 

gradient by corresponding proton uptake resulting in an increase in pH (Mengel and 

Kirkby, 2001; and references therein).  This cotransporter has high- (HATS) and low-

affinity transport systems (LATS) which react to external NO3 concentrations of 0.2 

mM - 0.5 mM and > 0.5 mM, respectively.  Uptake results in cytosolic nitrogen 

concentrations of 3.0 mM - 5.0 mM (Buchanan et al, 2000).   On contrast, NH4 

uptake results in substrate acidification due to proton exudation of the root to allow 
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NH4 uptake through an active cotransporter resulting in a cytosol concentrations of < 

30 mol m-3 (Mengel and Kirkby, 2001).  Current work has described NH4 uptake as a 

result of an electrochemical potential, not only the H-ATPase, suggesting there are 

multiple NH4 transport mechanisms (Buchanan et al, 2000; and references therein).  

Ammonium uptake is also dependent on the carbohydrate status of the root.  

Carbohydrates are the energy source for NH4 assimilation into biological forms of N 

which occurs only in the roots before N translocations can occur (Mengel and Kirkby, 

2001).  Therefore, the abundance of carbohydrates is thought to act as a feedback 

mechanism regulating the preferential form of N uptake.  Nitrate or NH4 uptake is 

also preferred under acidic or neutral substrate conditions, respectively (Marschner, 

1995).  Nitrogen sinks are provided N through the xylem which is loaded with 

primarily NO3 or amino acids, however amino acids are the primary form of N 

transprorted in the phloem (Mengel and Kirkby, 2001).   

 

Potassium 
 

Potassium is the most abundant element in the plant with cytoplasmic 

concentrations ranging from 80 mM - 200 mM (Buchanan, et al., 2000).  Plant K acts 

as a cellular osmoticum, regulates stomatal function, activates enzymes, and 

balances anionic charges (Buchanan et al, 2000).  Potassium is abundant in soils 

containing primary and secondary minerals such as muscovite or illite.  Weathered 

soils may have depleted K content resulting in mineral transformation.  
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Potassium is often added to soilless substrates as a CRF.  In mineral soils plants 

can obtain K from minerals that occur within the rhizosphere.  The soil matrix 

contains fixed, labile, and solution K.  Potassium is thought to be taken up as a 

result of both mass flow and diffusion (Havlin et al., 1999).  Potassium is surface 

adsorbed or fixed within the interlayer and on the edge of the crystalline structure 

(Fig. 8).  Mobilization of mineral K is hypothesized to be associated LATS.  Cations 

with a relatively larger ionic radius can create wedge zones allowing the weathering 

of K which is then available to the plant (Fig. 8).   

 

 

Fig. 8.  Location of potassium in 

a 2:1 ilitic clay mineral (Mengel 

and Kirkby, 2002) 

 

Marschner (1995) hypothesized that there were various K transport systems, 

with only two mechanism being widely accepted; LATS and HATS.  Low-affinity 

transporters are inward and outward rectifying passive channels that can mobilize 
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~1.0 mol m-3 K.  These channels can be disrupted by cations with a larger hydrated 

radius than K.  The HATS active cotransporter symports ~0.1 mol K m-3 (Mengel and 

Kirkby, 2001).  Uptake occurs following a diurnal rhythm and is transported via the 

phloem and xylem primary as elemental K (Marschner, 1995).  Potassium has been 

shown to act as a counter-ion for NO3 in long distant plant transport (Marschner, 

1995).  Potassium can also induce H-ATPase pumps affecting meristem growth, Pn, 

and electron transport (Buchanan, et al., 2000).  The transport of K has been greatly 

studied do to its daily concentration fluctuations and its role as a signal.  

 

Phosphorus 
 

Inorganic phosphorus (Pi), the primary element studied in our research, 

occurs as orthophosphoric acid in the soil.  The form of the acid and availability is 

dependent on pH.  The majority of substrate phosphorus is primarily H2PO4
- at 

optimum pH of 5.0 – 6.0.  HPO4
2- or H3PO4

0 may also be present at lower 

concentrations if the pH is greater or less than optimum, respectively (Eq.[7]) 

(Lindsay, 1974).   

 -2
4

7.2  pKa
    42

2.15  pKao
43 HPO     POH          POH  →← →← −     [7] 

H2PO4
- is the primary form of P taken up by plants (Buchanan et al., 2000).  

Phosphorus can also occur in the substrate as being non-available or labile.  

Substrate solution Pi occurs when phosphoric acid forms surface- or aqueous-

complexes with metal-oxides (Al, Fe) or hydrated cations (Mg, Ca, Fe, Al) and OM.  

Biological or organic phosphorus (Po) is another unavailable form.  This occurs 
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when Pi is taken up by biological organisms and converted into metabolites.  

Phosphorus is an essential plant nutrient, used as an energy source (ATP), in 

metabolic activities (Pn), a component of the cell lipid bilayer, and in nucleic acids 

(RNA) (Marschner, 1998). 

Phosphorus uptake by the root is an active or energy requiring process that is 

mediated by an H-cotransporter.  Kinetic data suggests that HATS (1-5 mmol m-3) 

and LATS (50-330 mmol m-3) systems exist, resulting in an average cytosol 

concentration of 3-5 mmol m-3 (Buchanan et al., 2000; Mengel and Kirkby, 2001).  

The HATS is the dominant transporter and only mechanism globally accepted.  

Inorganic P is transported readily via the xylem from the root to sinks, such as the 

meristem.  Organophosphates and Pi are transported via the phloem to sinks or as a 

feedback signal to regulate root Pi uptake (Mengel and Kirkby, 2001).  Pi uptake 

results in an increase in substrate pH and acidification of the cytoplasm; however 

uptake is greater at lower pH (Buchanan et al., 2000).   

Soil contains fixed Pi and Po, which contribute to the labile Pi pool that 

supplies plant roots via diffusion.  Soil clay content, OM content, CEC, and amount 

of metal-oxides determine Pi adsorption, precipitation and plant availability.  Tan 

(1998) describes non-specific anion adsorption phenomena, negative and positive 

adsorption, that occur do to electrostatic forces with outer-sphere or labile 

complexes being most susceptible.  Negative adsorption is the repulsion of an anion 

as a function of the diffuse double layer, pH, and anion concentration.  Negative 

adsorption occurs in systems containing smectites with high CEC such as 

montmorillonite.  Positive adsorption is the complexation of anions with positive 
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charged surfaces and is dependent upon ionic strength and the mineral variable 

charge.  These adsorption phenomena can influenced phosphate retention that 

occurs due to cation-bridging mechanisms.  Inner-sphere complexes are less 

influence by ionic strength and pH.  

 

 

Fig. 9.  Mechanism of P adsorption on Al-oxide clay mineral surface 

groups (adopted from Havlin et al, 1999) 

 

Orthophosphate, an oxyanion, binds readily to metal oxides to form inner-

sphere surface complexes (Havlin et al., 1999).  This process is commonly referred 

to as fixation.  Pi sorption is non-linear, and is dependent on the energy levels of the 

binding sites, with higher energy sites being occupied first (McGechan and Lewis, 

2002).  Inorganic P adsorption is influenced by temperature, with greater adsorption 

occurring at higher temperatures resulting in a faster reaction (McGechan and 

Lewis, 2002).  Therefore, Pi concentration also determines the degree of saturation 

and specific sites occupied.  Phosphate has a high affinity to form complexes with 

surface aluminum and iron oxides that are predominately associated with edges of 

the crystalline lattice structure of clay minerals.  There is greater anion extraction 

monodentate bidentate time 
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when the pH is less than the PZC and the surface is positively charged. These 

surface complexes usually form as a result of ligand-exchange to form a 

monodentate reaction.  Overtime a less soluble or less available bidentate complex 

can be formed; which shares oxygens from one or two metal-oxides, resulting in a 

mononuclear or binuclear complex, respectively (Fig. 9).  The latter compound has 

been referred to as Pi mineral incorporation (McGechan and Lewis, 2002) and is the 

least soluble.  The monodentate complex is considered a labile form of Pi that is 

readily used to maintain the solution concentration when Pi is removed (Fig. 9).  The 

greatest adsorption of P occurs at a given pKa (Eq.[7]).  This is a result of the 

protonation or deprotonation of metal oxides or orthophosphoric acid.  Also note that 

CEC increases with increasing Pi adsorption and in flooded conditions P is more 

available to reduction of iron, and hydrolysis of Ca or Al (McGechan and Lewis, 

2002). 

Phosphorus precipitates (minerals) rise from reactions occurring with 

aqueous Mg, Ca, NH3, Al, and Fe.  The most prominent of these reactions occur with 

aqueous Al- or Fe- oxides and calcium in various forms (Fig. 10).  The solubility of 

Ca-precipitates decreases with time and increasing pH whereas Fe- (strengite) or Al-

phosphate mineral (variscite) solubility increases with increasing pH (Lindsay, 1979) 

(Fig. 10).  The decrease in Ca-phosphate solubility is due to the transformation of a 

given precipitate over time to the less soluble form.  Therefore, dicalcium phosphate 

dehydrate (DCPD) would be expected to form at an approximate pH of 7, but over 

time with the proper conditions the Ca-phosphate could undergo the transformation 

to the less soluble precipitate hydroxyapatite (HA) (Fig. 11).  Mg-phosphates are 
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relatively unstable compared to Ca-phosphates and therefore do not greatly 

contribute to phosphorus precipitates (Lindsay, 1979).  NH4-phosphate precipitates 

are formed as a result of NH3 reacting with phosphoric acid under specific conditions 

(Havlin et al., 1999).   Due to the monovalent nature of cationic ammonium, the NH4-

phosphate precipitate is also unstable. 

 

 

Fig.  10.  pH effect on P adsorption and precipitation 

(Havlin et al, 1999; and references therein) 

 

No research has been done on Pi adsorption with industrial minerals under 

investigation in this study; however a few studies have examined raw mineral 

equivalents from various sources. 
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Bar-Yosef, et al. (1988) examine Pi sorption on monocationic clay minerals; 

Ca- and Na-montmorillonite.  The largest decrease in solution phosphorus occurred 

in 24 hours, but equilibration of phosphorus sorption occurred between two and four 

days. A Ca-montmorillonite sorbed 10% more phosphorus than a K-montmorillonite 

at any given pH.  Pi sorption sharply decreased as ionic strength, electrical 

conductivity (EC), increased from 0 - 5 d Sm-1 with sorption coming to a plateau at 

an EC > 5 d Sm-1 (Bar-Yosef, et al., 1988).  The lowest solution P was observed at 

pH 5.5 - 6.5 with 7 - 8 mmol P kg-1 sorbed (Bar-Yosef, et al., 1988).  Maximum 

phosphate sorbed on Ca-montmorillonite decreased from ~ 9 to 3 mmol P kg-1 as pH 

increased from 3.8 - 9.0, respectively (Ioannou et al., 1994).  Bar-Yosef, et al. (1988) 

also found aqueous Ca decreased with a pH > 7, possibly a result of Ca-Pi 

precipitates.  Shariatmadari et al. (1999) examined palygorskite- and 

montmorillonite-calcite systems (9 clay:1 calcite) that adsorbed ~ 8.8 and 9.2 cmol P 

kg-1, respectively.  P sorption slightly decreased in the presence of Si and Mg and 

decreased with increasing concentration of the two ions, and this was more 

pronounced in montmorillonite calcite system most likely due to disruption of 

calcium-phosphate precipitation (Shariatmadari et al., 1999). 
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Fig.  11.  The solubility of calcium 

phosphates compared to strengite and 

variscite when Ca2+ is 10-2.5 M or fixed by 

calcite and CO2(g) at 0.0003 atm. 

(Lindsay, 1975) 
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Water and Nutrient Use in Containerized Production 
 

The plant environment, both edaphic and atmospheric, affects many of the 

plant physiological responses; stomatal aperature, Pn, root or shoot architecture, 

and water or nutrient uptake.  Unlike soil, a substrate within a container varies 

greatly with the surrounding atmospheric environment resulting in increased 

evapotranspiration, large temperature fluxes, and limited water or nutrients.  These 

environmental parameter are interrelated and therefore determine crop growth.   

Soilless substrate primarily acts a support mechanism or anchor for the plant, 

with water and mineral nutrients being the key controllable factors to maintain 

growth.  This has led the nursery industry to provide these inputs in excess to 

ensure maximum growth, often resulting in over-watering and fertilization.  This has 

led to research into minimizing these inputs.  It is difficult to separate water and 

nutrients because of their coupled nature, therefore they will be discussed together. 

The United States and European nursery industry have adopted CRF as the 

primary nutrient source.  The use of CRFs allow nurseries to increase NUE by 

supplying nutrients corresponding with plant demand and minimize pathways or 

processes of losses (microbial transformation, soil fixation, leaching), thus 

decreasing environmental impact (Shaviv and Mikkelsen, 1993).  Cole and Dole 

(1997) showed that coated monoammonium phosphate decreased P leaching by 

60% when compared to the uncoated control in a pinebark-based substrate.  The 

same study also demonstrated that more P is available when substrate 

temperatures are optimal for growth.  Uncoated monoammoniumn phosphate 

leachate decreased 1.5-fold more P as temperature increased from 3 to 48 °C, 
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inversely the coated monoammoniumn phosphate increased P leaching 

approximately 8-fold when subjected to the same temperature regime (Cole and 

Dole, 1997). Current researchers are emphasizing research that focuses on revising 

the optimum substrate nutrient concentrations by optimizing fertility rate to provide 

maximum growth while minimizing environmental losses (Lea-Cox and Ristvey, 

2003).  This is a much needed modification to current optima given in the BMP 

literature, however simply reducing the rate of fertilization is not an effective 

approach alone because limiting nutrients result in decreased plant growth.  The end 

result of below optimum fertilizer rate is decreased NUE due to less plant growth and 

root exploitation which results in increased nutrient leaching (Tyler et al., 1996b).   

Water application efficiency (WAE , Eq. [8]) involves increasing the retention 

of water applied  

100  x  
applied water

leached   water-  applied water   WAE 







=                                  [8] 

to the container. Water application via micro-irrigation (spray-stakes) can increase 

WAE as much as 57% (Colangelo and Brand, 2001) when compared to overhead 

irrigation.  Two methods to increase WAE have been researched in the southeastern 

United States; irrigation scheduling and pre-irrigation substrate moisture deficits.  

The nursery BMPs recommend cyclic irrigation which is dividing the irrigation volume 

needed to replenish daily water loss through evapotranspiration into multiple cycles.  

Cyclic irrigation increased WAE and NUE using overhead or micro-irrigation (Table 

11).  Increased growth of red maple, winged elm, live oak and crape myrtle have 

been reported (Beeson and Haydu, 1995) as a result of increasing micro-irrigation 
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from two irrigation cycles to three cycles for a given irrigation volume, noting this 

affect may also be due to timing rather than simply cyclic irrigation.  They stated that 

growth increases were due to prevention or reduction of container moisture stress.  

Ruter (1998) also reported that micro-irrigation applied with 3 cycles or 4 cycles 

increased shoot dry weight of ‘Okame’ Cherry by 40% compared to a single cycle.  

Also notable is that NO3-N and NH4-N leaching decreased with increased irrigation 

cycles due to increased WAE and reduced effluent (Table 11).  However, cyclic 

irrigation did not reduce P leaching (Table 11) possibly due to the initial removal 

through leaching because a non-coated P source was used. 
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 Table 11.  Composite of research that has shown increased water application efficiency (WAE) using  

 cyclic irrigation in both overhead- and micro-irrigated containerized crops in pine bark (PB) based  

 substrate. 

        
  Percent 

increase  
  

Water  over single Percent decrease   
application  daily irrigation of nutrient loss     Author 

method Substrate application 
NO3-N NH4-N P 

 

       
        
Overhead PB : Sand 34% 16% ― ― (Fare et al,. 1994) 

       

Overhead Pine Bark 5% - 10% 63% 42% ― (Karam & Niemiera, 1994b) 

       

Micro- PB : Sand 27% ― ― ― (Ruter, 1998) 

       

Micro- 8 PB : 1 Sand 38% 38% 11% 0% (Tyler et al., 1996a) 
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Lamack and Niemiera (1993) introduced the concept of time-averaged 

application rate (TAAR).  The TAAR concept further explained the response of 

containerized crops to cyclic irrigation which appears to be independent of water 

volume and number of cycles.  Lamack and Niemiera (1993) reported 2.5 mL min-1 

TAAR produced the same WAE whether applied at 50 mL 20 min-1, 100 mL 40     

min -1, or 150 mL 60 min-1.  Similarly, a TAAR of 6.5 mL  min-1 produced the same 

WAE whether applied in 3 or 4 cycles (Ruter, 1998).  Tyler et al. (1996a) also 

reported that WAE did not increase whether applied in 2, 4, or 6 cycles, concluding 

two cycles would increase WAE with the appropriate TAAR. 

Pre-irrigation substrate moisture deficits (PISMD) have also been used to 

schedule irrigation application times.  The moisture content of a substrate can be 

found gravimetrically or using other instruments such as a tensiometer.  WAE should 

increase as PISMD decreases.  An increased WAE is hypothesized to occur due to a 

high matric potential because of increased porosity, specifically micro- or capillary-

pores.  Karam and Niemiera (1994a) found that this was true for containers irrigated 

with overhead irrigation, resulting in a 42% to 71% increase in WAE corresponding 

with a 89% to 79% decrease in container capacity (CC), respectively.  However, 

Lamak and Niemiera (1993) showed that substrates irrigated via microsprinklers had 

a decreased WAE as CC decreased.  Beeson and Haydu (1995) suggested that the 

decrease in WAE occurred due to excessive drying which caused the PB-based 

substrate to become hydrophobic, resulting in greater water channeling or macro-

flow.  This would result in the substrate unable to reach CC because only a small 

portion of the capillary pores were refilled and retained water.  Tyler, et al. (1996a) 
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reported that macro-pore flow of irrigation water through the container substrate (8 

PB : 1 sand, by vol.) occurred when irrigation was applied with greater than 79% CC 

(57% AW).  It took two to three days in the first 30 days after potting for the substrate 

to decline below 79% CC.  By 30 days after potting, CC declined below 79% daily, 

thus needing irrigation daily versus bi-weekly.  Warren (personal communication) 

suggests that irrigating when the containers reaches 79% CC would maximize WAE 

for a pine bark-based substrate.   

 Time of application during a the day and volume of irrigation applied also 

influences WAE and water utilization efficiency (WUE, Eq.[9]); liters of water 

required to produce 1 g plant dry weight).  Warren and Bilderback, (2002) compared 

growth of Cotoneaster dammeri C.K.   

 weightdryplant  total
substrate in retained volume irrigation  WUE =                 [9] 

Schneid. ‘Skogholm’ when applying cyclic irrigation at various times daily; early 

morning (0300, 0500 0700 hr), midday (0900, 1200 1500 hr), afternoon (1200, 1500, 

1800 hr), and all day (0500, 1200 1900 hr).  Irrigation applied in the afternoon 

produced 63% greater total plant dry weight compared to plants cyclically irrigated in 

the morning (Warren and Bilderback, 2002).  Reduced substrate temp from 1800 to 

2200 HR and increased rates of Pn accounted for the increase in growth.  Irrigation 

applied in the afternoon also had higher WUE requiring 0.45 L per g of plant dry 

weight compared to 0.55 L per g of plant dry weight for early morning application.  

This is an increase of 22%.  Keever and Cobb (1985) also reported that irrigation 

during the day (1300 HR or split application at 1000 and 1500 HR) reduced 
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substrate and canopy temperature which they claimed enhanced top and root 

growth of Rhododendron L. x ‘Hershey’s Red’ compared to irrigation at 2000 HR.  

Beeson (1992) also reported increased growth of four woody ornamentals when 

irrigation was applied during the day in contrast to predawn (0600 HR) irrigation.  He 

attributed the increased growth to lower daily accumulated water stress. This data 

suggests that plants were reaching moisture levels during the day which resulted in 

water stress.  In addition, water application was reducing substrate temperatures 

which would reduce temperature stress.  Thus, irrigating during the day may 

increase growth by reducing heat load and minimizing water stress in the later part 

of the day.  

Irrigation volume is often expressed in terms of leaching fraction (LF, Eq.[10]).  

Ku and Hershey (1992) reported top dry weight of Pelargonium sp. was reduced by  

 applied water
leached water    LF =                 [10] 

26% when grown with 0.0 and 0.1 LF compared to 0.2 to 0.4 LF.  Electrical 

conductivity (EC), an indicator of substrate solution nutrient content, reached 6 dS. 

m-1 when irrigated to maintain 0.1 LF.  Ku and Hershey (1992) speculated the high 

EC reduced growth and that water did not appear to be a limiting factor.  In contrast, 

growth of poinsettia was unaffected from 0 to 0.4 LF in which EC ranged from 15 to 

6 dS.m-1, respectively, when fertigated with 300 mg N L-1.  The phenomena was 

most likely do to the nature of poinsettia as a salt tolerant species.  Results from 

Groves et al. (1998) suggests that EC levels do not reach damaging levels and 

nutrient leachate is significantly decreased in plants grown outdoors with a pine 
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bark-based substrate and typical rates CRF combined with zero to low LF.  Though 

this may be an excellent way to better examine the interaction of substrate, water, 

and fertilizer, the application to the nursery industry is limited due to the inability of 

the grower to monitor and maintain a low LF without inducing drought stress.   

The edaphic and atmospheric environment dictates a plant physiological 

response.  The two primary factors associated with these environments in conjuction 

with water and nutrients is stomatal conductance (gs) or transpiration and Pn 

measured as carbon assimilation using carbon dioxide (CO2).  Stomatal 

conductance and CO2 assimilation of plant varies widely across species. 

Environmental factors largely determine a given species response.  Stomatal 

conductance increases curvilinearly with increasing quantum flux density, however 

changes in quantum flux may result in fast stomotal closure and a slow re-opening 

when insufficient light occurs (Turner, 1991).  Soil and air temperature regulate 

stomatal aperture at an optimum temperature.  However, the optimal temperature 

can be increased or decreased by acclimation of the plant to lower or higher 

temperatures.  Air and soil temperature are interrelated with vapor pressure deficit 

and root cell permeability, respectively (Turner, 1991).  Humidity also is 

interconnected with VPD and gs, thus increased relative humidity results in 

increased gs (Turner, 1991).  The edaphic water status is hypothesized to regulate 

gs via an induced signal (ABA) that occurs at species dependent substrate moisture 

tensions (Kramer and Boyer, 1995).  The inverse may occur, in which a saturated 

substrate resulting in low oxygen concentrations produces a decrease in stomatal 

aperature.  Repeated induced stresses related to the substrate may lead to “stress 
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memory” which results in a decline of gs as a protective mechanism for further 

drought induced situations (Goh et al., 2003).   

Net Pn is directly correlated with plant internal CO2 concentration which is 

regulated by gs, thus stomatal aperture determines intra-plant gas exchange (Lawlor, 

2002; and references therein).  Lawlor (2002) stated that plants decrease internal 

CO2 concentration as relative water content (RWC) decreases, resulting in 

decreased Pn due to an “impaired” metabolism.  However, stomata may close 

before plant turgor or water content declines via signals linked to xylem hydraulic 

conductivity, ABA, or leaf-to-air vapor pressure deficit (Medreno et al., 2002; and 

references therein).  Chaves et al. (2002; and references therein) stated that soil 

moisture plays a larger role in stomatal regulation than plant or leaf water content.  

This induced stomatal closure decreases Pn as a stress protection mechanism which 

may lead to a long term decrease in photosynthetic capacity reducing growth 

(Chaves et al., 2002; and references therein).   Nutrients also play a large role in Pn.  

Potassium has been previously mentioned as an osmoticum.  Phosphorus deficient 

Nicotiana tabacum L. plants reduced Pn 75% regardless of CO2 concentration 

(Pieters et al., 2001).  This is believed to be a result of decreased sugar transport or 

synthesis and lack of metabolic constituents in which P is vital.  

Other notable factors that influence containerized crop growth are initial 

container volume and substrate temperature.  Martin et al., (1991) showed that 

container volume was related to the micro-environment surrounding the plant. A PB-

based substrate in a 57 L container maintained a 6°C lower substrate temperature 

than a 10 L container.  Martin suggested the increased temperature resulted in 
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decreased Pn, gs, and root growth that led to less top growth within a year as 

measured by caliper and height.  A PB-based substrate may be > 40°C daily for up 

to 6 hours and may exceed 50°C (Ingram, 1981; Martin and Ingram, 1988). Yeager 

et al., (1991) reported a linear decline in root and top dry weight or N accumulation 

as substrate temperature increased from 28°C to 40°C.  The decline in growth may 

be contributed to lower N in the substrate solution because of increased nitrification 

and lower pH (Walden and Wright, 1995) or decreased root cell membrane 

composure (Ingram, 1986).  Ingram (1986) showed that two Ilex sp. root cell 

electrolyte leakage, an indicator of root cell thermal stability, reached a critical point 

at approximately 52°C or approximately 45°C after 30 min or 300 min of exposure, 

respectively.  In a review,  McMichael and Burke (1998) stated that increased 

temperature may change root morphology by reducing lateral roots which are more 

susceptible to damage and decreased nutrient and water uptake due to decreased 

enzymatic activity.  

Best Management Practices for containerized nursery crop production have 

been introduced throughout the United States.  The United States Environmental 

Protection agency has established a maximum contaminant level for groundwater N 

at 10 mg L-1.  The USEPA has also set a goal to not exceed 0.05 mg P L-1 and 0.10 

mg P L-1 in streams that drain or not drain into lakes or reservoirs, respectively 

(Sparks, 2003).   Excess of these limits may decrease water quality through 

eutrophication and result in health issues via a decline in water quality from loss of 

aquatic biota and hypoxia (Brady and Weil, 1999).  Yeager et al., (1993) urged 
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growers to implement BMPs after finding N concentrations that exceeded the MCL in 

nurseries located in the eastern United States. 
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Industrial Mineral Aggregate Amendment Affects Physical and Chemical 
Properties of Pine Bark Substrates  

 

ABSTRACT 

Agricultural non-point source effluent containing NO3-N and P from containerized 

nursery production has garnered local, regional, and national concern.  Current 

containerized nursery production best management practices have focused on input 

efficiencies by modifying input rate and quantities; however, little research has been 

conducted on input retention through soilless substrate engineered for containerized 

crop production.  Industrial minerals composed of palygorskite and bentonite have 

long been used as absorbents, fertilizer or chemical carriers, and barriers to retain 

heavy metals.  Our objective was to compare the physical and chemical effects of a 

Georgiana palygorskite-bentonite industrial mineral aggregate (8% by vol.) soft bark 

amendment with two particle sizes (0.25 to 0.85 mm, 0.85 to 4.75 mm) and two 

temperature pretreatments [low volatile material (LVM), regular volatile material 

(RVM)] on plant growth and effluent nutrient content.  A southeastern US nursery 

industry representative substrate (11% coarse sand) was also included in the study.  

Cotoneaster dammeri C.K. Schneid. ‘Skogholm’ was grown in all substrates in 14 L 

containers on collection pads that allowed for the quantification of influent and 

effluent volumes used to calculate cumulative NO3-N, NH4-N, and dissolved reactive 

phosphorus (DRP) effluent content for 112 days.  Plant dry weight and nutrient 

effluent content was determined at the end of the study and used to calculate N and 

P nutrient budgets.  Temperature pretreatment affected nutrient retention, whereas 
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mineral aggregate particle size affected substrate water buffering capacity.  The 

LVM aggregate amended substrate leached 35% less DRP than the RVM aggregate 

amended substrate.  A 0.25 to 0.85 mm aggregate amended substrate required 11 L 

less water applied per container when compared to 0.85 to 4.75 mm aggregate 

amended substrate.  Therefore, a LVM 0.25 to 0.85 mm industrial mineral aggregate 

soft bark amended substrate reduced effluent DRP and NH4-N > 40% and reduced 

water application 15% or 26 L when compared to the industry representative 

substrate.  These effluent output reductions did not affect growth of Skogholm 

cotoneaster.   

 

Abbreviations:  

AS, air filled porosity; AW, available water; BMP, best management practice; CC, 

container capacity; CEC, cation exchange capacity; CER, CO2 exchange rate; CRF, 

controlled release fertilizer; DAI, day after initiation; DRP, dissolved reactive 

phosphorus;  gs, stomatal conductance; LF, leaching fraction; LVM, Low Volatile 

Material; MCL, maximum contaminant level; NUE, nitrogen (nutrient) use efficiency; 

PUE phosphorus use efficiency; RN, recovered nutrient; RVM, Regular Volatile 

Material; TAAR, time averaged application rate; TP, total porosity; UW, unavailable 

water; WAE, water application efficiency; WUEP, water use efficiency of productivity. 
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INTRODUCTION 

 Environmental issues are at the forefront of agricultural concerns throughout 

the USA and the world (Malakoff, 1998; Nosengo, 2003).  Agribusiness, traditionally 

classified as non-point source polluters, are now recognized as a large source of 

fertilizer and pesticide pollutants, consequently allowing them to be labeled as a 

point-source polluter within a given national region such as the U.S. Northwest.  This 

makes growers directly responsible for contaminants in surface runoff or leachate 

that reaches surface- or ground-water.  Nitrate (NO3-N) and phosphorus (P) are two 

of the pollutants which have caught the public attention as they are agents of 

methemoglobinemia in humans and hypoxia (Frink et al., 1999) or eutrophication 

(Hart et al., 2004; Carpenter, 2005) in waters.  To date, the focus of environmental 

regulation has been on agronomic crops (i.e. corn, wheat, soybeans).  Ornamental 

plant nurseries are a significant U.S. specialty crop agribusinesses that covers 

approximately 186,000 ha with over 7,000 operations accounting for four billion 

dollars of annual cash receipts (USDA, 2004).  The majority (73%) of the U.S. 

nursery industry is grown in containerized inert softwood barks soilless substrate.  

Softwood barks from the southeastern (Pinus taeda L.) or northwestern 

[Pseudotsuga menziesii (Mirb.) Franco.] USA are used due to their availability, 

favorable physical properties, and lack of detrimental chemical constituents when 

used as a component in container substrates.  A salable containerized crop can be 

produced quickly in a softwood bark substrate; however, input use efficiencies may 
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be ≤ 50% (Warren and Bilderback, 2005; Lea-Cox and Ristvey, 2003) resulting in 

half of the applied water and nutrients leaching from the container substrate. 

 Best management practices (BMP) for containerized plant production 

introduced in 1997 (Yeager et al., 1997) have been implemented widely in the USA, 

resulting in increased input use efficiency.  Increased production efficiency has been 

achieved by optimizing rates of fertilization, using control release fertilizers (CRFs), 

reducing water volume applied, and adjusting water application timing.  However, 

current BMP’s recommend that CRFs should be used to maintain substrate solution 

NO3-N and P at 15 mg L-1 and 5 mg L-1, respectively, to maximize plant growth.  

These guidelines are greatly above current USEPA regulations for NO3-N of 10 mg 

L-1 as maximum contaminant level (MCL) for groundwater and a goal for total P MCL 

not to exceed  0.05 mg L-1 in streams that drain into lakes or reservoirs and 0.10 mg 

L-1 for streams that do not (USEPA, 1987).  Most nurseries cannot meet these 

regulations and goals with current BMP’s unless container nurseries undergo costly 

infrastructural changes to continuously contain, clean, and reapply effluent. 

 Currently, substrate modification has not been an adopted BMP to increase 

input efficiency and decrease leaching.  There has been little change in substrates 

since the introduction of softwood bark substrates due to cost, acceptance, and 

availability.  Softwood bark soilless substrates could be engineered to retain inputs.  

Industrial minerals composed of palygorskite and bentonite (synonymous with 

attapulgite or Fuller’s earth) have long been used as absorbents, fertilizer or 

chemical carriers, and barriers to retain heavy metals (Murray, 2000), but have been 

considered only recently as an alternative to inert inorganic soilless substrate 
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amendments (Handreck and Black, 2002; Reed, 1996).  Clay minerals have been 

reported to improve substrate physical properties, increase pH buffering capacity, 

and reduce available P in bark and peat based substrates (Handreck and Black, 

2002; Reed, 1996). Empirically, Warren and Bilderback (1992) compared rates (0, 

27, 54, 67, 81 kg m-3) of arcillite in a pine bark substrate.  They reported that arcillite 

increased available water (AW) and decreased ammonium (NH4-N) and P effluent 

concentration with increasing arcillite rate.  Growth of Rhododendron (Carla hybrid) 

‘Sunglow’ increased curvilinearly with arcillite rate with the optimum rate being 57 kg 

m-3.  Williams and Nelson (2000) investigated using small or large particle sizes of 

palygorskite, arcillite, or brick chips as a precharged source of P and K in peat : 

perlite based medium at 10%, 20%, and 30% by vol.  The palygorskite clay sorbed 

approximately 77% more P than the other materials, with the greatest amount of P 

sorbed (approximately 25 g m-3) occurring with the smaller particle size (Williams 

and Nelson, 2000).  Phosphorus leachate was reduced by the pre-charged 

palygorskite (6% P leached) as compared to arcillite (18% P leached), brick chips 

(11% P leached), or a peat : perlite medium (37% P leached).    

 Interstratified palygorskite-bentonite is a common industrial mineral mined 

from the Fuller’s Earth District in southern Georgia and northern Florida.  Mineral 

aggregates require processing before being used in industrial applications.  The 

mineral is screened to an appropriate particle size range, with the most popular size 

for the agriculture industry falling between 0.85 and 0.25 mm (Moll and Goss, 1997).  

Industrial clay minerals dried at approximately 121°C are described as regular 

volatile material (RVM).  The RVM minerals remain soft and have 8% to 12% water 
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by weight (Moll and Goss, 1997).  The RVM product can be subjected to further 

heating (approximately 800°C) and classified as a low volatile material (LVM) which 

is calcined, or fixed, containing 0 to 1% water by weight (personal communication, 

Robert Goss, Oil-Dri R&D, Chicago, IL.).  Our objective was to determine if particle 

size or temperature pretreatment of industrial mineral aggregates affect water or 

nutrient use efficiency when used as an amendment with softwood bark soilless 

substrates in containerized nursery crop production. 

 

MATERIALS AND METHODS 

Experimental Design 

 The experiment was a 2 (aggregate particle size) x 2 (mineral temperature 

pretreatment) factorial in a randomized complete block design with three 

replications.  The experiment took place from 16 May 2002 to 5 Sept. 2002 at the 

Horticulture Field Lab. (lat. 35°47'37'', long. -78°41'59'') located at North Carolina 

State University, Raleigh.  The treatments were pine bark amended with 

palygorksite-bentonite mineral aggregate from Ochlocknee, GA (Oil-Dri Corporation 

of America, Chicago, IL) with one of either two particle sizes [0.85 to 4.75 mm (4/20 

standard U.S. mesh) or 0.25 to 0.85 mm (24/48 standard U.S. mesh)]  that had been 

pretreated at one of two temperatures (RVM = 121°C; LVM = ≤800°C).  All clay was 

added as an 8% (by vol.) substrate amendment.  An additional substrate was added 

to represent the industry standard (control) which contained 11% sand [8 PB : 1 

sand (by vol.)].  All substrates were amended with 0.6 kg m-3 ground dolomitic 

limestone [CaMg(CO3)2]  
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Water and Nutrient Management 

One hundred and fifty rooted stem cuttings of Cotoneaster dammeri C.K. 

Schneid. ‘Skogholm’ were potted into 14 L containers (C-2000, Nursery Supplies 

Inc., Chambersburg, PA) and placed on 15 separate plots, ten containers per plot, 

which allowed for collection of all leachate leaving each plot.  Plots were 8 x 1 m with 

a 2% slope.  Containers were top-dressed with 60 g of 17N-2.2P-9.6K fertilizer (17-

5-12 Fast Start CRF, Harrell’s Fertilizer Co., Lakeland, FL) that was hand 

incorporated into the surface of the substrate.  Effluent was measured daily from 

irrigation water that was applied via pressure compensated spray stakes [Acu-Spray 

Stick; Wade Mfg. Co., Fresno, CA (200 mL min-1)].  Irrigation was applied in a cyclic 

manner, with the irrigation volume divided equally among three applications applied 

at 1100, 1400, and 1700 HR EST.  Irrigation volume to maintain a 0.2 target leaching 

fraction (LF, Eq.[1])  was applied to each plot based on effluent values monitored 

daily and  

(mL)influent  
(mL)effluent      LF =  [1] 

influent volumes that were monitored bi-weekly.  These data were used to determine 

water volume and water use as affected by each treatment.  From this data, water 

use efficiency of productivity (WUEP, Eq. [2]) and time averaged application rate 

(TAAR, Eq. [3]) was calculated.    

 100 x 
(g)  weight dryplant    total

(mL) substrate  in  retained  volume  irrigation WUEP 







=  [2] 
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(min) time  duration  napplicatio

 (mL) daily   applied  waterTAAR =   [3] 

Effluent and Substrate Handling 

 An aliquot of the daily collected effluent was analyzed using a 

spectrophotometer (Spectronic 1001 Plus Milton Roy Co., Rochester, NY) for NH4-N 

(Chaney and Marbach, 1962), NO3-N (Calaldo et al., 1975), and dissolved reactive P 

(DRP) (Murphy and Riley, 1962).  Available substrate total N and DRP were 

extracted from the substrate using a 1 substrate : 1.5 extract (115 cm3 substrate : 

175 mL deionized water) (Sonneveld et al., 1974).  The extractant was either nano-

pure water or 0.1M KCl in which the substrate dilution was shaken for 1 h and 

filtered through 0.43 µm filter paper (Whatman No. 1, Whatman Inc., Florham Park, 

NJ).  An aliquot of the filtered solution was then analyzed on the spectrophotometer 

NH4-N, NO3-N, and DRP as described above. 

 Ammonium-N, NO3-N, and DRP remaining in the fertilizer prills (Polyon® 

coated fertilizer) at the end of the study were measured as follows.  Nutrients were 

extracted from the fertilizer prills by blending the prills in 200 mL deionized water.  

After blending, the liquid was quantitatively transferred to a 1 L volumetric flask 

which was brought to volume before taking an aliquot of the extractant supernatant.  

Ammonium-N, NO3-N, and DRP in both substrate and fertilizer prill extracts were 

quantified using the spectrophotometer as described previously.  In addition, macro- 

and micro-nutrients, humic matter, and exchangeable acidity (Al, H) were 

determined for the substrate on a volume basis (Tucker, 1984) using crushed, 

mortared and pestled, substrate samples dried at 60°C.  The North Carolina 
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Department of Agriculture (NCDA), Agronomic Division, Raleigh, performed the 

analysis using Mehlich III extractant (Mehlich, 1984a), photometric determination 

(Mehlich, 1984b) and Mehlich buffer method (Mehlich et. al., 1976).   

Crop Response 

At 112 days after treatment initiation (DAI), tops from two randomly chosen 

containers per plot (total of six plants per treatment) were removed.  Roots were 

placed over a screen and washed with a high pressure water stream to remove 

substrate.  Due to their size, tops and roots were dried at 65°C for 5 days and 

weighed. Tops were ground initially using a Model 4 bench, 1 HP Wiley Mill® 

(Thomas Scientific, Swedesboro, NJ) to pass ≤ 6.0 mm sieve.  The ground material 

from the tops and roots were ground separately via a Foss Tecator Cyclotec™ 1093 

sample mill (Analytical Instruments, LLC, Golden Valley, MN) to pass ≤ 0.5 mm 

sieve.  Roots and tops were analyzed for N, P, K, Ca, Mg, S, Fe, Mn, Zn, Cu, B, Mo, 

and Cl by the NCDA, Agronomic Division.  A nutrient budget was developed for each 

treatment to quantify the fate of nutrients (RN) Eq. [4] from the applied CRF:  

  )prills  fertilizer    substrate  effluent   (plant (mg)  RN
 ∑ +++=
nutrient  [4] 

absorbed by plant, lost in leachate, held by substrate, or remaining in the fertilizer 

prill.  The nutrient budget was used to calculate nutrient use efficiency (NUE, Eq. 

[5]). 

100  x 
(mg) prill CRF in remainingnutrient   - (mg)nutrient   applied 

  (mg)nutrient   absorbedplant  
   NUE 








=  [5] 
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 To determine if the clay treatments increased the water buffering capacity of 

the substrate, irrigation of the remaining plants was discontinued at the end of the 

study.  During this time, stomatal conductance (gs) and net CO2 exchange rate 

(CER) was measured on one plant from each replication between 1030 to 1130 HR 

EST and 1530 to 1630 HR EST for four days using a portable photosynthesis system 

containing a LI-6200 computer and LI-6250 gas analyzer (LI-COR, Lincoln, NE).   

Substrate Physical Properties 

 Ten cylindrical aluminum cores, five 347.5 and five 100 cm3, were placed in 

six fallow containers of each substrate.  These containers were placed adjacent to 

the plants in the research study and received equivalent irrigation and rainfall as the 

corresponding treatment.  After nine weeks, the 347.5 cm3 cores were extracted and 

total porosity (TP), container capacity (CC), available water capacity (AW), and air 

filled porosity (AS) were determined using the NCSU Porometer™ as described by 

Fonteno and Bilderback (1993).  Unavailable water (UW), water held in the substrate 

at ≥ 1.5 MPa, was determined with the 100 cm3 cores via a procedure developed by 

Milks et al. (1989).  Bulk density was determined using oven dried (110°C) substrate 

in 347.5 cm3 volume cores.  Particle size distribution of approximately 500 cm3 oven 

dried substrate (110°C) was determined gravimetrically using 6.30, 2.00, 0.71, 0.50, 

0.25, and 0.106 mm soil sieves.  Particles ≤ 0.106 mm were collected in a pan.  

Sieves and pan were shaken for 5 minutes with a RX-29/30 Ro-Tap® test sieve 

shaker (278 oscillations minute-1, 150 taps minute-1) (W.S. Tyler, Mentor, OH). 

Data Analysis 
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 All data were subjected to analysis of variance procedures (SAS Institute, 

Cary, NC) with P ≤ 0.10 to reduce the risk of a Type II error (Marini, 1999).  

Treatment means were compared using orthogonal contrast statements, P ≤ 0.05.  

PROC REG and PROC NLIN were used to further investigate linear and non-linear 

segmented trends associated with water and nutrient data, P ≤ 0.05.  Join points for 

segmented lines are denoted as Xn. 

 

RESULTS AND DISCUSSION 

Substrate Physical Properties 

 The control (sand amended substrate) had 5% lower CC (5% by vol.) and 4% 

less AW (4% by vol.) when compared to the pooled mineral aggregate amended 

substrates (Table 1).  This affect on CC and AW was likely a result of the mineral 

aggregate, since there were no notable differences in particle size distribution 

among the sand amended and mineral aggregate amended substrates (Table 2).  

Riviere et al. (1990) reported a 4% and 42% increase in TP and easily available 

water (available at 10 to 50 cm suciton), respectively when the clay rate increased 

from 4 : to 6 :1 clay : 1 brown peat.  Warren and Bilderback (1992) found that 

amending pine bark with arcillite (0, 27, 54, 67, 81 kg m-3) changed pore size 

distribution which increased AW curvilinearly and decreased AS linearly, but had no 

affect on TP.  Pine bark substrate amended with RVM aggregates increased AS 3% 

(by vol.), compared to pine bark amended with LVM aggregates (Table 1).  The 

remaining parameters (UW, TP) were not affected by any of the mineral aggregate 

treatments. 
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Substrate Water Buffering Capacity 

A LF of 0.22 ± 0.006 was maintained on all plots and LF was not significantly 

different between treatments.  Water buffering capacity as a function of irrigation 

volume and substrate water availability increased when substrates were amended 

with mineral aggregates versus the industry representative substrate (control) which 

was amended with 11% (by vol.) sand.  The sand amended substrate required 1.5 L 

day-1 (4.2 mL min-1) of irrigation water from 0 to 69 DAI to maintain 0.22 LF; 

however, irrigation volume required to maintain a 0.22 LF increased 33% to 2.0 L 

day-1 (5.6 mL min-1) between 69 and 112 DAI (Fig. 1).  This is hypothesized to be a 

result of an increase in plant growth due to crop establishment and optimal 

environmental factors (edaphic and atmospheric).  Daily environmental (sunlight, 

temperature) fluctuations in association with growth resulted in large adjustments of 

biweekly irrigation volume to maintain a 0.20 target LF for the sand amended 

substrate (Fig 2.)  A notable decrease in these seasonal fluctuations occurred with 

decreasing mineral aggregate particle sizes.  This may result in simpler irrigation 

management due to less monitoring of water application.  Substrates amended with 

0.25 to 0.85 mm or 0.85 to 4.75 mm aggregate both required an average of 1.25 L 

day-1 (3.6 mL min-1) or 1.7 L day-1 (4.7 mL min-1) of irrigation water to maintain 0.20 

target LF between 0 and 74 DAI or 74 and 112 DAI, respectively (Fig. 1).  Compared 

to the control, this is a 13% to 15% decrease in daily water application volume, 

which equates into a savings of 22 to 26 L to grow an equivalent plant over 112 days 

in mineral aggregate amended substrate compared to sand amended substrate 

(Table 3).  Skogholm cotoneaster grown in aggregate amended substrates required 
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an average of 607 mL to produce a gram of plant dry mass whereas, cotoneaster 

grown in the control substrate required 731 mL to produce a gram of plant dry mass, 

resulting in a 17% increase in WUEP (Table 3). 

Spomer (1998) hypothesized that substrates containing expanded clay have 

intra-pores that contain water that is available to the plant, thus increasing water 

buffering capacity or the capacity to hold more plant available water.  The mineral 

used in this study, palygorskite, is a fibrous mineral with zeolitic pores that retain 

water.  In addition, Spomer (1998) found that a substrate amended with clay had 

increased air space and tortuosity, possibly resulting in greater water retention.   

Chemical Buffering Capacity 

Nutrient buffering capacity as a function of effluent nutrient loss and substrate 

nutrient content increased with mineral aggregate amended substrates versus the 

control.  Ammonium and DRP effluent load decreased 39% (57 mg NH4-N) and 34% 

(11 mg DRP) in mineral aggregate amended substrates compared to the control 

(Table 4).  Verhagen (personal communication) also found that the addition of an 

industrial clay component into peat based substrates decreased water extractable P 

approximately 4-fold and increased NH4 retention 2 to 3-fold.  A peat (30% by vol.) 

and compost (50% by vol.) substrate containing 20% (by vol.) zeolite (< 40 mesh) or 

a calcined arcillite clay (Turface®, Aimcor, IL) were compared for N and P retention 

(Bugbee and Elliot, 1998).  The study showed intermediary to maximum growth of 

Rudbeckia hirta L. in a substrate containing calcined arcillite clay that reduced P 

leaching by 70% when compared to the control which contained 20% (by vol.) sand. 
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Across all treatments, 80% to 90% of effluent NH4-N was lost in the first 7 

days (Fig. 3).  From 1 to 7 DAI, the sand amended substrate lost 18.5 mg NH4-N 

day-1, whereas the LVM and RVM aggregate amended substrates lost 9.9 and 10.3 

mg NH4-N day-1, respectively.  At 8 DAI, rate of NH4-N loss decreased across all 

treatments, however the substrates amended with LVM aggregates decreased 97% 

to 0.28 mg NH4-N day-1 while the sand amended substrate decreased 94% to 0.57 

mg NH4-N day-1.  This low rate of loss occurred at 39, 37, and 33 DAI for the sand, 

RVM, and LVM aggregate amended substrates, respectively where NH4-N began to 

plateau (Fig. 3).  Foster et al. (1983) reported that NH4-N sorption to pine bark 

required 20 days to stabilize and equilibrate, however, data herein may simply be a 

result of the time for optimal edaphic conditions (i.e. pH, water content, temperature) 

to arise in the substrate which can sustain Nitrosomonas sp.  Establishment of 

microbes to maximize nitrification efficiency occurs usually within 21 to 35 days after 

potting plants into a pine bark substrate (Niemiera and Wright, 1986).  Effluent NH4-

N is probably negligible 21 DAI due to rapid oxidation to NO3 and root uptake. 

Aggregate temperature pretreatment and particle size reduced effluent DRP 

content compared to the control (Fig. 4).  However, LVM and particle size 0.25 to 

0.85 mm reduced effluent DRP to the greatest degree. Dissolved reactive P was lost 

linearily at a rate of 0.50 mg day-1 from 0 to 43 DAI for substrates amended with 

LVM aggregate and 0.71 mg day-1 from 0 to 46 DAI for substrates amended with 

RVM aggregates. The rate of DRP lost decreased at 43 or 46 DAI for substrates 

amended with LVM (0.15 mg day-1) or RVM (0.26 mg day-1) resulting in 35% (17 mg) 

less DRP lost to leaching for substrates amended with LVM.   
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From 0 to 44 DAI, the rate of DRP loss was decreased 29% when substrates 

were amended with 0.25 to 0.85 mm (0.52 mg day-1) compared to substrates 

amended with 0.85 to 4.75 mm (0.7 mg day-1) aggregates.  After 45 DAI the rate of 

effluent DRP decreased to 0.17 mg day-1 or 0.24 mg day-1 for 0.25 to 0.85 mm and 

0.85 to 4.75 mm aggregate amended substrates, respectively.  This resulted in a 

22% (10 mg) decrease in cumulative effluent DRP in pine bark substrates amended 

with aggregates of 0.25 to 0.85 mm compared to 0.85 to 4.75 mm.  

From 0 to 49 DAI, the control substrate lost 0.91 mg DRP day-1 which was 29 

to 79% greater than DRP loss from the mineral aggregate amended substrate. This 

reflects a lower capacity of the industry substrate to retain the oxyanion.  After 49 

DAI the sand amended substrate rate of DRP loss (0.21 mg day-1) was less than 

substrates amended with 0.85 to 4.75mm (0.24 mg day-1) or RVM (0.26 mg day-1) 

aggregates (Fig. 4). The aggregates in these substrates could have been desorbing 

P resulting in greater quantities of P loss. However, 0.25 to 0.85 mm or LVM 

aggregates possibly had continuing sorbing P as their rate of release remained 

lower, 0.17 mg DRP day-1 or 0.15 mg P day-1, respectively (Fig. 4). This is supported 

by the increase in extractable P that occurs in a mineral versus sand amended 

substrate (Table 5).    

The reduction in P lost could be due to H2PO4 (aq) forming insoluble aluminum 

minerals such as variscite [AlPO4•2H2O(s)], iron minerals such as strengite 

[FePO4•2H2O(s)], or calcium precipitates [hydroxyapatite, [Ca5(PO4)3OH(s)] that are 

washed from the substrate during irrigation or P adsorbing to form surface 

complexes that are retained in the substrate (Sparks, 1993).  Zhang et al. (2002) 
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reported Al buffered P as a P source decreased effluent P ≥ 60% versus resin-

coated P across four tree and shrub species grown in 7.6 L containers with a peat 

based substrate.   

Pooled mineral aggregate amended substrates when compared to the control 

substrate had a 3-fold (35 mg) greater in Mehlich III extractable P and a 88% greater 

in water (9 mg) and 0.1M KCl (3 mg) extractable P.  The Mehlich III extractant 

resulted in equivalent P extracted (mean = 11 mg container-1) from the sand 

amended substrate using water, which is a less chemically invasive extractant than 

Mehlich III.  In contrast, Mehlich III extracted 42% (20 mg) more from a mineral 

aggregate amended substrate compared to water as an extractant.  There was a 

57% (27 mg) increase in Mehlich III extractable P versus water extractable P for 

mineral aggregate amended substrates compared to the control (Table 5).  Within 

mineral aggregate particle size, Mehlich III extractable P increased 29% (12 mg) 

with decreasing aggregate particle size from 0.25 to 0.85 mm to 0.85 to 4.75 mm.  

However, water extractable P was unaffected by mineral aggregate particle size.  

Mineral temperature pretreatment increased water and KCl extractable P 53% (8 

mg) and 105% (4 mg) compared to LVM.  It is uncertain why water resulted in 

greater extractable P than 0.1M KCl (Table 5). 

 The mineral aggregates affected the substrate's chemical properties by 

increasing cation exchange capacity (CEC) by 75%; increasing K, Ca, Mg, and S 

content 250%, 94%, 158% and 131%, respectively, when compared to the control 

(Table 6).  However, the quantities of these nutrients that are available to the plant 

are not known.  Sulfur has been shown to limit plant growth (Browder et al., 2005), 
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however, little research has been conducted on the base cations.  The average 

mineral aggregate amended substrate raised pH 0.4 units from the control probably 

due to increased substrate cation content which tied up free hydroxyl groups.  LVM 

aggregates had a greater affect than RVM aggregates raising the pH 0.6 units 

(Table 6).   

 The increased nutrient buffering capacity of substrates amended with mineral 

aggregates resulted in a 28% or 42% increase in the P content of cotoneaster root 

and top, respectively, compared to the control (Table 7).  The increased water 

buffering capacity in association with nutrient retention of the mineral aggregate 

amended substrate resulted in a 20% to 48% decrease in effluent DRP load and 

approximately 2- to 4-fold increase in substrate Mehlich III extractable P content 

compared to the control.  These factors combined to increase P use efficiency from 

27% in sand amended substrates to 36% in aggregate amended substrate, which 

had an average daily effluent P concentration of 0.8 mg L-1 (Fig. 5).  In a similar 

study, Warren et al. (1995) reported resin-coated P in a CRF resulted in the highest 

use efficiency (43%) with a low, constant rate of P loss at approximately 1 mg day-1 

when growing Rhododendron (Carla hybrid) ‘Sunglow’ in 3.8 L containers in a pine 

bark substrate. 

 In this study CRF prills still had not released 41% (mean = 539 mg ± 25 SE) 

of the applied 1.3 g of elemental P (Table 7).  This accounted for 65% of the (mean 

= 829 mg ± 29 SE) recovered P.  The plant root and top accounted for 32% (mean = 

265 mg ± 16 SE) of the remaining 45% of recovered P.  The residual 1% (mean = 11 

mg ± 2 SE) and 5% (mean = 44 mg ± 6 SE) of recovered P were accounted for in 
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the substrate and leachate, respectively.  Plant phosphorus use efficiency (PUE) 

was 5% to 12% greater in a mineral amended substrate (mean = 36%; P = 0.07, F = 

4.0) compared to the control (27%) (Table 7). 

 Average effluent DRP concentration over the 112 days decreased 26% from 

1.8 mg L-1 to 1.3 mg L-1 for the sand versus mineral amended pine bark substrate.  

Groves et al. (1998b) reported that current BMP substrate solution P 

recommendations (5 to 10 mg L-1) could not be maintained when irrigating 3.8 L 

containerized Skogholm cotoneaster with 800 mL day-1; however, top and root dry 

weights were maximized even though observed substrate solution P concentrations 

fell to as low as 1.8 mg P L-1 and 0.1 mg P L-1 at 60 DAI and 119 DAI (Groves et al., 

1998a).  Lea-Cox and Ristvey (2003) suggested a 80% reduction in current rate of P 

application, thus making the optimal P substrate solution concentration ≤ 2 mg L-1, 

increasing PUE to 75% when adequate N is applied.   

Effluent N content, total plant N content, and N use efficiency (mean = 26%) 

were unaffected by substrate amendment (Table 8).  However, mean daily effluent N 

concentration over the 112 day study was reduced 22% from 8.4 mg L-1 to 6.5 mg   

L-1 when the pine bark substrate was amended with an LVM aggregate versus RVM 

aggregate (Fig. 5).  CRF prills contained 26% (mean = 2.6 g ± 0.1 SE) of the total 

applied N after 112 DAI; 42% being NH4-N and 10% NO3-N  This accounts for 55% 

of the 4.7 g (± 0.1 SE) of the N recovered after 112 DAI (Table 8).  Of the remaining 

45% N; 3% (mean = 149 mg ± 13 SE) of N was leached and 38% (mean = 1814 mg 

± 30 SE) of N was taken up by the plant.  No substrate NO3-N or NH4-N could be 

detected with either water or 0.1 mol L-1 KCl extractant (data not presented).  It 
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should be noted that N use efficiency in this study is lower than previously reported, 

probably since it was calculated based on elemental N and not nitrogen species 

(Tyler et al., 1996). 

Plant Response 

 Top (160 g ± 4 SE) and root (mean = 30 g ± 1 SE) dry weights of Skogholm 

cotoneaster were unaffected by any of the treatments (data not presented).  

Cotoneaster P content was 32% greater when grown in a mineral amended 

substrate (mean = 28mg ± 1 SE) versus sand amended substrate (mean 21 mg ± 1 

SE).  In addition, root K content increased 49% from 14 mg (± 1 SE) to 20 mg (± 1 

SE) when grown in a sand versus mineral amended substrate, respectively.  Top or 

root N, Ca, Mg, S, Fe, Mn, B, Mo, and Cl were not affected by substrate amendment 

(data not presented). 

 CO2 exchange rate was 20% greater in a Skogholm cotoneaster grown in 

mineral amended substrates (mean = 8.2 µmol m-2 s-2 ± 0.3 SE) versus cotoneaster 

grown in the control substrate (mean = 6.9 µmol m-2 s-2 ± 0.9 SE) without induced 

drought stress.  After 19 hours without irrigation, average gs of Skogholm 

cotoneaster grown in mineral amended substrates (mean = 0.24 mol m-2 s-1 ± 0.02 

SE) was significantly greater than gs of cotoneaster grown in the control substrate 

(mean = 0.16 mol m-2 s-1 ± 0.01 SE).  CO2 exchange rate and gs remained 25% and 

33% greater, respectively, up to 42 h without water when cotoneaster was grown in 

a mineral amended substrate compared to cotoneaster grown in the control 

substrate (Owen et al. 2003).  Mineral-aggregate temperature-pretreatment had 

greater influence on CER and gs than mineral aggregate particle size.  After 42 h 
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without irrigation, plants grown in substrates amended with LVM mineral aggregates 

had 27% higher CER (mean = 8.7 µmol m-2 s-2 ± 0.8 SE) and 43% higher gs (mean = 

0.13 mol m-2 s-1 ± 0.02 SE) compared to plants grown in substrates amended with 

LVM aggregates (mean = 6.9 µmol m-2 s-2 ± 0.6 SE; mean = 0.09mol m-2 s-1 ± 0.01 

SE).  Plant response was further separated by particle size, with plants grown in 

substrates amended with 0.25 to 0.85 mm aggregates (mean = 0.03 mol m-2 s-1 ± 

0.006 SE) having greater gs compared to plants grown in substrates amended with 

0.85 to 4.75 mm aggregates (mean = 0.02 mol m-2 s-1 ± 0.001 SE) after 67 h without 

water.  After 71 h all treatments had similar levels of CER and gs. In a similar study, 

drought resistance, as a function of gs, was reported to be greater in Forsythia 

intermedia Zab. ‘Spring Glory’ grown in a substrate amended with an Al-P buffered P 

source (Zhang et al., 2002) compared to traditional mono-ammonium phosphate 

(MAP 12-61-0).  Stomata conductance remained greater for 48 h when fertilized with 

buffered P versus resin-coated P.  We speculate that was a result of the increased 

root growth that occurred when using Al-P. 

 

SUMMARY AND CONCLUSION 

 Industrial-mineral aggregates used to amend softwood bark containerized 

substrates increased water and nutrient buffering capacity without impacting root or 

top growth of Skogholm cotoneaster.  This modified substrate offers a new method 

to reduce containerized-nursery-crop-production environmental impact compared to 

traditional means of lowering input quantities.  If input quantities become growth 

limiting, the end result is decreased nutrient use efficiency due to less plant growth 



 

 

88

and root exploitation which results in increased nutrient leaching (Tyler et al., 1996).  

Mineral aggregate amended substrates increased WUE 17% and decreased water 

applied 26 L per 14 L container over the growing season when compared to pine 

bark amended with sand.  Substrate CEC was 75% greater in mineral versus sand 

amended substrates increasing substrate base cation content.  Mineral aggregate 

amended substrate had a 3-fold increase in Mehlich III extractable P which in turn 

raised top P content 42% compared to the control.  Average daily effluent DRP 

concentration was 0.8 mg L-1, which is greater than the USEPA goal. Therefore, 

effluent concentrations that meet USEPA criteria may not be attainable for nurseries 

recycling water alone or forseaable future technologies.  Infrastructural changes 

would also be needed.  Average daily NO3-N concentration remained below USEPA 

MCLs of 20 to 112 DAI.  In conclusion, a 0.25 to 0.85 mm LVM industrial mineral 

aggregate pine bark amended substrate can reduce effluent DRP and NH4-N, and 

reduce water application volume when compared to typical nursery industry bark 

based substrates, without affecting plant growth.   
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Table 1.  Physical properties of substrates amended (by vol.) with 11% sand (control) or 8% Georgiana bentonite-
palygorksite clay mineral aggregate with two particle sizes and two temperature pretreatments.   All substrates lay fallow 
under experimental field conditions for 60 days before analysis. 
 
   Bulk Total† Container‡ Air§ Available¶ Unavailable#  
 Treatment  density porosity capacity space water water  
 
    g cm-3   % volume  
 
 Control††  0.30* 83 45* 38 15* 30 

             
 Temp. pretreatment‡‡ 
  LVM  0.21§§ 83 51 33 19 32 
  RVM  0.21 85 50 36 19 31 
  
 Particle size (mm) 
  0.25 to 0.85 0.20¶¶ 85 50 35 19 32 
  0.85 to 4.75 0.21 84 50 34 18 31 
 
 Temp (T)  0.0002## 0.09 0.53 0.04 0.92 0.22 
 Size (S)  <0.0001 0.41 0.99 0.44 0.35 0.25 
 T x S   0.07 0.25 0.45 0.84 0.31 0.03 
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Table 1.  continued 
 

*Denotes significant difference from the mean value of the pooled mineral aggregates determined by orthogonal contrast 
statements, P ≤ 0.05. 

†Percent volume at 0.4 kPa. 
‡Predicted as percent volume at drainage. 
§Air space = total porosity – container capacity.  
¶Available water = container capacity – unavailable water. 
#Percent volume at 1500 kPa. 
††Industry representative substrate (n = 3); 8 pinebark : 1 sand. 
‡‡Mineral aggregate temperature pretreatment (n = 3): low volatile material (LVM) = calcined, regular volatile material 
(RVM) = pasteurized. 

§§Pooled over mineral aggregate particle size (n = 6).  
¶¶Pooled over mineral aggregate temperature pretreatment (n = 6). 
##P values 
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Table 2.  Substrate particle size distribution of substrates amended (by vol.) with 11% sand (control) or 8% Georgiana 
bentonite-palygorksite clay mineral aggregate with two particle sizes and two temperature pretreatments.   All substrates 
lay fallow under experimental field conditions for 60 days before analysis. 
       

      Substrate particle size range (mm) 
    

 Treatment >6.30 2.00-6.29 0.71-2.00 0.50-0.70 0.25-0.49 0.106-0.24 <0.105 
 
      Percent by weight 
 
 Control†  3‡ 29 36 14 14 3 1 
   
 Temp. pretreatment§  
  LVM  5¶ 37 27 11 13 5 2 
  RVM  5 43 28 9 10 4 1 
   
 Particle size (mm) 
  0.85 to 0.25  5# 38 24 13 15 5 2 
  4.75 to 0.85 5 43 31 8 8 4 1 
 

†Industry representative substrate (n = 3); 8 pinebark : 1 sand. 
‡Percent (by weight) of given particle size from oven dried (110 C) sample 
§Mineral aggregate temperature pretreatment (n = 3): low volatile material (LVM) = calcined, regular volatile material 

(RVM) = pasteurized. 
¶Pooled over mineral aggregate particle size (n = 6). 
#Pooled over mineral aggregate temperature pretreatment (n = 6). 
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Table 3.  Influent and effluent from 112 days of growth of Skogholm cotoneaster 
grown in pine bark substrates amended (by vol.) with 11% sand (control) or 8% 
Georgiana bentonite-palygorksite clay mineral aggregate with two particle sizes and 
two temperature pretreatments.  All treatments received 476 mm rain.  
   
  Total irrigation Water utilization Leaching  
 Treatments volume applied efficiency† fraction‡  
 
   L mL g-1  
     
 Control§  172* 731* 0.22 
  
 Temp. pretreatment¶ 
   LVM  147# 613 0.22 
   RVM  146 600 0.22  
 
 Particle size (mm) 
   0.25 to 0.85 141†† 599 0.22  
   0.85 to 4.75 152 614 0.22 
 
  Temp (T) 0.71‡‡ 0.60 0.67 
 Size (S) 0.01 0.58 0.80 
 T x S 0.68 0.16 0.83 
  
*Denotes significant difference from the mean value of the pooled mineral aggregate 
amended substrates determined by orthogonal contrast statements, P ≤ 0.05. 

†Water utilization efficiency = milliliters of water retained in substrate ÷ g dry mass. 
‡Leaching fraction = effluent volume ÷ influent volume, averaged for the entire 112 
days. 

§Industry representative substrate (n = 3); 8 pinebark : 1 sand. 
¶Mineral aggregate temperature pretreatment (n = 3): low volatile material (LVM) = 
calcined, regular volatile material (RVM) = pasteurized. 
#Pooled over mineral aggregate particle size (n = 6). 
††Pooled over mineral aggregate temperature pretreatment (n = 6).  
‡‡P value. 
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Table 4.  Nutrient load from 112 days of effluent from Skogholm cotoneaster grown 
in pine bark substrates amended (by vol.) with 11% sand (control) or 8% Georgiana 
bentonite-palygorksite clay mineral aggregate with two temperature pretreatments or 
two particle sizes.  Each container received 60 g 17-5-12 (9% NH4-N, 8% NO3-N) 
fast start 5-6 month controlled release fertilizer. 
   
   Total nutrient effluent discharge 
  
 Treatments  NO3-N NH4-N P  
 
    Mg per growing season  
     
 Control†  319 145* 61* 
  
 Temp. pretreatment‡ 
  LVM  297§ 75 32 
  RVM  338 101 49 
 
  Particle size (mm) 
  0.25 to 0.85  294¶ 82 35  
  0.85 to 4.75 341 94 45  
 
 Temp (T)  0.46# 0.14 0.02 
 Size (S)  0.39 0.44 0.10  
 T x S   0.32 0.33 0.28  
  
*Denotes significant difference from the mean value of the pooled mineral aggregate 
amended substrates for the control determined by orthogonal contrast statements, 
P ≤ 0.05. 

†Industry representative substrate (n = 3); 8 pinebark : 1 sand. 
‡Mineral aggregate temperature pretreatment (n = 3): low volatile material (LVM) = 
calcined, regular volatile material (RVM) = pasteurized. 

§Pooled over mineral aggregate particle size (n = 6). 
¶Pooled over mineral aggregate temperature pretreatment (n = 6). 
#P values. 
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Table 5.  Dissolved reactive phosphorus extracted from a pine bark substrate 
amended (by vol.)  with 11% sand (control) or 8% Georgiana bentonite-palygorksite 
clay mineral aggregate with two temperature pretreatments and  two particle sizes  
in which Skogholm cotoneaster was grown for 112 days.  Each container had 1.3 g 
of elemental P surface incorporated at the initiation of the experiment. 
   
   Phosphorus extractant  
  
 Treatments  Mehlich III 0.1M KCl  Nanopure H2O  
 
    mg P dm-3   
     
 Control†  11.3* 3.3* 10.8*
  
     Main effects 
 Temp pretreatment‡ 
  LVM  46.9§ 4.1 15.9  
  RVM  46.4 8.4 24.3  
 
 Particle size (mm) 
  0.25 – 0.85 52.5¶ 4.7 17.5 
   
  0.85 – 4.75 40.7 7.8 22.8  
 
     Interaction 
 LVM     
  0.25 – 0.85 46.9 na na  
  0.85 – 4.75 46.9#    
 RVM 
  0.25 – 0.85 58.1††   
  0.85 – 4.75 34.6   
 
 Temp (T)  0.86‡‡ 0.002 0.03  
 Size (S)  0.006 0.008 0.13  
 T x S   0.007 0.23 0.90  
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Table 5. continued 
 
*Denotes significant difference from the mean of the pooled mineral aggregate 
amended substrates from the control determined by orthogonal contrast 
statements, P ≤ 0.05. 

†Industry representative substrate (n = 3); 8 pinebark : 1 sand. 
‡Mineral aggregate temperature pretreatment (n = 3): low volatile material (LVM) = 
calcined, regular volatile material (RVM) = pasteurized. 

§Pooled over mineral aggregate particle size (n = 6). 
¶Pooled over mineral aggregate temperature pretreatment (n = 6). 
#Denotes significant difference between temperature pretreatment within particle 
size, P ≤ 0.05.  

††Denotes significant difference between particle size within temperature 
pretreatment, P ≤ 0.05. 

‡‡ P values. 
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Table 6.  Nutrient content, cation exchange capacity, and pH of substrates amended with 11% (by vol.) sand (control) 
or 8% (by vol.) Georgiana bentonite-palygorksite clay mineral aggregate with two temperature pretreatments and two 
particle sizes.  At the initiation of the experiment all substrates were amended with 0.6 kg m-3 ground dolomitic limestone 
[CaMg(CO3)2] and each container had 60 g 17-5-12  5-6 month controlled release fertilizer containing 0.6 g Ca, 0.8 g Mg, 
0.1g Mn, and 2.3 g S surface incorporated
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Table 6. continued  
 
     Nutrient content†   Cation 
     exchange 
 Treatments K Ca Mg Mn S capacity pH‡  
 
   mg dm-3  meq 100 cm-3 
     
 Control§ 26* 930* 519* 18* 29* 8* 5.1* 
  
    Main effects 
 Temp. pretreatment¶ 
  LVM 102# 1,777 1,453 24 64 14 5.7  
  RVM 79 1,831 1,228 22 69 13 5.2  
 
 Particle size (mm) 
  0.25 to 0.85 106†† 1,878 1,578 24 78 14 5.6  
  0.85 to 4.75 75 1,729 1,103 22 55 13 5.3 
 
      Interaction 
 LVM 
  0.25 to 0.85  na 1,917‡‡ 1,763‡‡§§ na na na na  
  0.85 to 4.75  1,636§§ 1,143 
 RVM  
  0.25 to 0.85  1,839 1,393 
  0.85 to 4.75  1,822 1,063 
 
 Temp (T) 0.07¶¶ 0.12 0.02 0.08 0.55 0.32 0.03 
 Size (S) 0.03 0.003 0.0005 0.08 0.03 0.02 0.17  
 T x S  0.39 0.006 0.08 0.69 0.16 0.45 0.59 
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Table 6. continued 
 

*Denotes significant difference from the mean value of the pooled mineral aggregates determined by orthogonal contrast 
statements, P ≤ 0.05. 

†Nutrient content determined using Mechlich III extractant. 
‡pH determined using pour through - method. 
§Industry representative substrate (n = 3); 8 pinebark : 1 sand. 
¶Mineral aggregate temperature pretreatment (n = 3): low volatile material (LVM) = calcined, regular volatile material 
(RVM) = pasteurized. 

#Pooled over mineral aggregate particle size (n = 6). 
††Pooled over mineral aggregate temperature pretreatment (n = 6). 
‡‡Denotes significant difference between particle size within temperature pretreatment, P ≤ 0.05. 
§§Denotes significant difference between temperature pretreatment within particle size, P ≤ 0.05. 
¶¶P values. 
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Table 7.  Distribution phosphorus (mg) for Skogholm cotoneaster plant after 112 days in pine bark substrates amended 
(by vol.) with 11% sand (control) or 8% Georgiana bentonite-palygorksite clay mineral aggregate with two particle sizes 
and two temperature pretreatments.  All treatments had 1.3 g of elemental P surface incorporated at the initiation of the 
experiment. 
 

   Mineral aggregate amended substrate 
  
   0.25 to 0.85 mm‡ 0.85 to 4.75 mm 
 Phosphorus   
 (mg) Control† LVM§ RVM LVM RVM  
     
 Leachate DRP 61 a¶ 24 c 47 ab 40 bc 50 ab 
  
 Cotoneaster total P 
  Root# 25 c 34 b 33 b 33 b 42 a 
  Shoot†† 186 b 238 ab 246 a 224 a 264 a  
  
 Mehlich III Substrate P 6‡‡ 12 9 15 11 
 
 Ferilizer prill DRP 526‡‡ 471 600 593 503 
 
 P efficiency§§ (%) 27  32  39 35 38  
 
 Recovered 
  Phosphorus¶¶ 763‡‡ 765 906 876 834 
  Percent## 62‡‡ 60 72 70 67 
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Table 7.  continued 
 

†Industry representative substrate (n = 3); 8 pinebark : 1 sand. Efficiency 
‡Mineral aggregate particle size (n = 3) with equivalent US standard: 24/48 mesh (0.25 to 0.85 mm), 4/20 mesh (0.85 to 
4.75 mm). 

§Mineral aggregate temperature pretreatment (n = 3): low volatile material (LVM) = calcined, regular volatile material 
(RVM) = pasteurized. 

¶Means separated within row using Fischer’s protected LSD, P ≤ 0.05. 
#Pooled root dry weigts for all treatments = 30 g. 
††Pooled shoot dry weigts for all treatments = 160 g. 
‡‡Not significant. 
§§P efficiency = [Plant P ÷ (P applied - P remaining in fertilizer prill - Substrate P)] x 100.  
¶¶Recovered P = leachate + plant + substrate + fertilizer prill.  
##Percent Recovered P = (Recovered P ÷ applied P) x 100. 



 

 

106
 
Table 8.  Distribution of nitrogen (mg) for Skogholm cotoneaster plant grown after 112 days in pine bark substrates 
amended (by vol.) with 11% sand (control) or 8% Georgiana bentonite-palygorksite clay mineral aggregate with two 
particle sizes (0.85 mm - 0.25 mm, 4.75 mm – 0.85 mm) and two temperature pretreatments (LVM or RVM).  All 
treatments had 10.2 g of elemental N top dressed and surface incorporated at the initiation of the experiment. 
   
   Mineral aggregate amended substrate 
 Partition of  
 elemental  0.25 to 0.85 mm‡ 0.85 to 4.75 mm 
 nitrogen   
 (mg) Control† LVM§ RVM LVM RVM  
      
 Leachate 
  Nitrate-N 72¶ 68 65 66 87 
  Ammonium-N 113 59 67 57 90 
  
 Cotoneaster total N 
  Root# 130 130 130 130 130 
  Shoot†† 1,770 1,900 1,860 1,810 1,730 
  
 Ferilizer prill 
  Nitrate-N 509 471 601 605 495 
  Ammonium-N 2,058 1,843 2,322 2,270 1,946 
 
 N efficiency‡‡ (%) 25 26 28 27 24 
 
 Recovered 
  Elemental N§§ 4661 4465 5040 4939 4486 
  Percent¶¶ 46 44 49 48 44 
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Table 8. continued 
 

†Industry representative substrate (n = 3); 8 pinebark : 1 sand. 
‡Mineral aggregate particle size (n = 3) ): low volatile material (LVM) = calcined, regular volatile material (RVM) = 

pasteurized. 
§Mineral aggregate temperature pretreatment (n = 3).  
¶Not significant. 
#Pooled root dry weigts for all treatments = 30 g. 
††Pooled root dry weigts for all treatments = 160 g. 
‡‡N Effeciency = [Plant N ÷ (Plant N applied - N remaining in fertilizer prill)] x 100. 
§§Recovered N = leachate + plant + substrate + fertilizer prill.  
¶¶rPercent Recovered N = (Recovered N ÷ applied N) x 100. 
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FIGURE CAPTIONS 

 

Figure 1.  Cumulative irrigation water applied for Skogholm cotoneaster grown 112 

days in pine bark substrates amended (by vol.) with 11% sand (control) or 8% 

Georgiana bentonite-palygorksite clay mineral aggregate with two particle sizes 

(0.85 to 0.25 mm or 4.75 to 0.85 mm).  All treatments were micro-irrigated cyclically 

at 1200, 1500, 1800 HR EST in which a 0.22 mean LF was maintained.  Segmented 

linear models were calculated for 0.25 to 0.85mm: if x ≤ 74 then y = -0.5 + 1.2x, R2 = 

0.99; if x ≥ 74 then y = -37.7 + 1.7x, R2 = 0.98; 0.85 to 4.75 mm: if x ≤ 74 then y =     

-1.3+1.3x, R2 = 0.99; if x ≥ 74 y = -35.1 + 1.7x, R2 = 0.98; Control: if x ≤ 69 then y =  

-4.3+1.5x, R2 = 0.98; if x ≥ 69 then y = -41.3 + 2.0x, R2 = 0.98. 

 

Figure 2.  Daily irrigation water applied for Skogholm cotoneaster grown over 112 

days in pine bark substrates amended (by vol.) with 11% sand (control) or 8% 

Georgiana bentonite-palygorksite clay mineral aggregate with two particle sizes 

(0.85 to 0.25 mm or 4.75 to 0.85 mm).  All treatments were micro-irrigated cyclically 

at 1200, 1500, 1800 HR EST in which a 0.22 mean LF was maintained. 

 

Figure 3.  Cumulative effluent ammonium for Skogholm cotoneaster grown 112 days 

in pine bark substrates amended (by vol.) with 11% sand (control) or 8% Georgiana 

bentonite-palygorksite clay mineral aggregate with two particle sizes (0.85 to 0.25 

mm or 4.75 to 0.85 mm) and two temperature pretreatments (LVM or RVM).  Each 

container had 5.1 g of elemental NH4-N top surface incorporated at the initiation of 
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the experiment. Segmented linear plateau models were calculated for each 

treatment: LVM: if x ≤ 7 then y = -7.3 + 9.9x, R2 = 0.84, if 7 ≤ x ≤ 33 then y = 62.7 + 

0.28x, R2 = 0.97; if x ≥ 33 then y = 72.4 + 0.02x, R2 = 0.80; RVM: if x ≤ 7 then y = 2.4 

+ 10.3x, R2 = 0.86; if 7 ≤ x ≤ 37 then y = 76.7 + 0.52x, R2 = 0.95; if x ≥ 37 then y = 

94.9 + 0.06x; R2 = 0.92; Control: if x ≤ 7 then y = -16.8 + 18.5x, R2 =0.86; if 7 ≤ x ≤ 

39 then y = 117.2 + 0.57x, R2 = 0.94; if x ≥ 39 then y = 139.4 + 0.06x, R2 = 82. 

 

Figure 4.  Cumulative effluent dissolved reactive phosphorus (DRP) for Skogholm 

cotoneaster grown 112 days in pine bark substrates amended (by vol.) with 11% 

sand (control) or 8% Georgiana bentonite-palygorksite clay mineral aggregate with 

two particle sizes (0.85 to 0.25 mm or 4.75 to 0.85 mm) and two temperature 

pretreatments (LVM or RVM).  All treatments had 1.3 g of elemental P surface 

incorporated at the initiation of the experiment.  Segmented linear models for 0.25 to 

0.85mm: if x ≤ 44 then y = 1.3 + 0.52x, R2 = 0.99; if x ≥ 44 then y = 16.5 + 0.17x, R2 

= 0.96; 0.85 to 4.75 mm: if x ≤ 45 then y = -1.6 + 0.70x, R2 = 0.99; if x ≥ 45 then y = 

19.0 + 0.24x, R2 = 0.97; LVM: if x ≤ 43 then y = 0.2 + 0.50x, R2 = 0.99, if x ≥ 43 then 

y = 15.4 + 0.15x, R2 = 0.96; RVM: if x ≤ 46 then y = -0.5 + 0.71x, R2 = 0.99; if x ≥ 46 

then y = 20.1 + 0.26x, R2 = 0.97; Control: if x ≤ 49 then y = 5.1 + 0.91x, R2 = 0.98; if 

x ≥ 49 then y = 39.5 + 0.21x, R2 = 0.97. 
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Figure 5.  Daily effluent nutrient concentration of NO3-N and dissolved reactive 

phosphorus (DRP) for Skogholm cotoneaster grown 112 days in pine bark 

substrates amended (by vol.) with 11% sand (control) or 8% Georgiana bentonite-

palygorksite clay mineral aggregate with two temperature pretreatments (LVM or 

RVM).  All treatments had 5.0 g NO3-N and 1.3 g of elemental phosphorus surface 

incorporated at the initiation of the experiment.  Municipal water applied contained 

an average NO3-N and P concentration of < 0.1 mg L-1 and < 0.05 mg L-1, 

respectively. 
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Figure 1.  Cumulative irrigation water applied for Skogholm cotoneaster grown 
112 days in pine bark substrates amended (by vol.) with 11% sand (control) or 
8% Georgiana bentonite-palygorksite clay mineral aggregate with two particle 
sizes (0.85 to 0.25 mm or 4.75 to 0.85 mm).  All treatments were micro-irrigated 
cyclically at 1200, 1500, 1800 HR EST in which a 0.22 mean LF was maintained.  
Segmented linear models were calculated for 0.25 to 0.85mm: if x ≤ 74 then y =  
-0.5 + 1.2x, R2 = 0.99; if x ≥ 74 then y = -37.7 + 1.7x, R2 = 0.98; 0.85 to 4.75 mm: 
if x ≤ 74 then y = -1.3+1.3x, R2 = 0.99; if x ≥ 74 y = -35.1 + 1.7x, R2 = 0.98; 
Control: if x ≤ 69 then y = -4.3+1.5x, R2 = 0.98; if x ≥ 69 then y = -41.3 + 2.0x, R2 
= 0.98.
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Figure 2.  Daily irrigation water applied for Skogholm cotoneaster grown in pine 
bark substrates for 112 days amended (by vol.) with 11% sand (control) or 8% 
Georgiana bentonite-palygorksite clay mineral aggregate with one of two 
particle size ranges (0.85 to 0.25 mm or 4.75 to 0.85 mm).  All substrates were 
micro-irrigated cyclically at 1200, 1500, 1800 HR EST each day in which a 0.22 
mean LF was maintained.  Curves represent the trends seen over the course of 
the study.
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Figure 3.  Cumulative effluent ammonium for Skogholm cotoneaster grown 
112 days in pine bark substrates amended (by vol.) with 11% sand (control) or 
8% Georgiana bentonite-palygorksite clay mineral aggregate with two particle 
sizes (0.85 to 0.25 mm or 4.75 to 0.85 mm) and two temperature 
pretreatments (LVM or RVM).  Each container had 5.1 g of elemental NH4-N 
top surface incorporated at the initiation of the experiment. Segmented linear 
plateau models were calculated for each treatment: LVM: if x ≤ 7 then y = -7.3 
+ 9.9x, R2 = 0.84, if 7 ≤ x ≤ 33 then y = 62.7 + 0.28x, R2 = 0.97; if x ≥ 33 then y 
= 72.4 + 0.02x, R2 = 0.80; RVM: if x ≤ 7 then y = 2.4 + 10.3x, R2 = 0.86; if 7 ≤ x 
≤ 37 then y = 76.7 + 0.52x, R2 = 0.95; if x ≥ 37 then y = 94.9 + 0.06x; R2 = 
0.92; Control: if x ≤ 7 then y = -16.8 + 18.5x, R2 =0.86; if 7 ≤ x ≤ 39 then y = 
117.2 + 0.57x, R2 = 0.94; if x ≥ 39 then y = 139.4 + 0.06x, R2 = 82.
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Figure 4.  Cumulative effluent dissolved reactive phosphorus (DRP) for 
Skogholm cotoneaster grown 112 days in pine bark substrates amended (by 
vol.) with 11% sand (control) or 8% Georgiana bentonite-palygorksite clay 
mineral aggregate with two particle sizes (0.85 to 0.25 mm or 4.75 to 0.85 mm) 
and two temperature pretreatments (LVM or RVM).  All treatments had 1.3 g of 
elemental P surface incorporated at the initiation of the experiment.  Segmented 
linear models for 0.25 to 0.85mm: if x ≤ 44 then y = 1.3 + 0.52x, R2 = 0.99; if x ≥ 
44 then y = 16.5 + 0.17x, R2 = 0.96; 0.85 to 4.75 mm: if x ≤ 45 then y = -1.6 + 
0.70x, R2 = 0.99; if x ≥ 45 then y = 19.0 + 0.24x, R2 = 0.97; LVM: if x ≤ 43 then y 
= 0.2 + 0.50x, R2 = 0.99, if x ≥ 43 then y = 15.4 + 0.15x, R2 = 0.96; RVM: if x ≤ 
46 then y = -0.5 + 0.71x, R2 = 0.99; if x ≥ 46 then y = 20.1 + 0.26x, R2 = 0.97; 
Control: if x ≤ 49 then y = 5.1 + 0.91x, R2 = 0.98; if x ≥ 49 then y = 39.5 + 0.21x, 
R2 = 0.97.  
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Figure 5.  Daily effluent nutrient concentration of NO3-N and 
dissolved reactive phosphorus (DRP) for Skogholm 
cotoneaster grown 112 days in pine bark substrates amended 
(by vol.) with 11% sand (control) or 8% Georgiana bentonite-
palygorksite clay mineral aggregate with two temperature 
pretreatments (LVM or RVM).  All treatments had 5.0 g NO3-N 
and 1.3 g of elemental phosphorus surface incorporated at the 
initiation of the experiment.  Municipal water applied contained 
an average NO3-N and P concentration of < 0.1 mg L-1 and < 
0.05 mg L-1, respectively. 

.
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Abstract 

 Pine bark is the most common container substrate in the Southeastern 

United States nursery industry.  Pine bark based substrates provide excellent 

aeration and a moderate amount of available water, however, they have little 

water buffering capacity.  Thus, frequent irrigation events are required to 

maintain adequate water.  This often leads to low water use efficiency.  Current 

studies have shown reduced water application needs and increased plant 

stomatal conductance and carbon assimilation when plants were grown in a 

mineral aggregate amended pine bark substrate compared to pine bark alone.  



 

 

119

An increase in water buffering capacity was reported which may explain the 

plant response.  Our objective was to determine if increased substrate water 

buffering capacity could be explained as a function of substrate physical 

properties.  To accomplish this objective, pine bark was amended with a 

calcined Georgiana palygorksite-bentonite aggregate (0.85 mm - 0.25 mm) at 

0%, 4%, 8%, 12%, 16%, 20%, and 24% (by vol.).  Physical properties consisting 

of total porosity (TP), container capacity (CC), air space (AS), bulk density (Db), 

available water (AW), and unavailable water (UW) were determined. Soil 

moisture characteristic curves were determined for amendment rates of 0%, 8%, 

12%, 16%, and 20% (by vol.).  Container capacity and AW increased linearly 

with increasing amendment rate,.whereas UW and AS decreased linearly with 

increasing rate of mineral aggregate.  Substrate moisture characteristic curves 

showed that more water was retained at greater substrate moisture tensions 

with increasing mineral aggregate rate, thereby increasing readily available 

water.  Volumetric water content was initially greater at the 0% rate, however it 

quickly decreased at approximately 2 cm substrate moisture tension below those 

substrates amended with the mineral.  The physical properties of the substrate 

in association with the inherent zeolitic and absorbed water of the mineral 

resulted in an increase in water content, thus increased buffering capacity which 

could reduce plant water stress.       
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Introduction 

 The United States nursery industry is one of the leading crop sectors in 

U.S. Agriculture with 3.97 billion dollars in gross sales in 2003 (USDA, 2004).  

Nursery inventory consisted of 73% containerized plants, with the Southeastern 

United States accounting for 41% and of the over 7,000 national operations and 

34% of the approximately 186,000 ha in production area (USDA, 2004). Pine 

bark or softwood bark and sand are standard components of soilless substrate 

in containerized nursery production in the Southeastern United States.  Pine 

bark was chosen due to its availability, favorable physical properties, and lack of 

detrimental chemical constituents when used as a component in container 

substrates.  A salable plant can be quickly produced in a pine bark substrate 

associated with high nutrient and water inputs.  Pine bark is a relatively inert 

media with less ion exchange capacity or water holding capacity than a mineral 

soil.  Therefore, water and nutrient use efficiencies are a concern for growers 

due to increasing local, state, and federal intervention with water use, water 

availability and regional environmental impact.  Best management practices for 

containerized plant production introduced in 1997 (Yeager et al., 1997) are 

becoming widely implemented in the United States, resulting in increased water 

and nutrient use efficiency.  Increased efficiency has been achieved by reducing 

water volume applied, adjusting water application timing, increasing water 

application efficiency, optimizing fertility rates, and amending soilless substrates 

to retain both nutrients and water.  While many of these practices have been 
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adopted by the nursery industry, there has been little change in substrate 

composition since the introduction of pine bark media due to cost, acceptance, 

and availability.   

 Calcined or expanded clay and zeolite are alternatives to sand or other 

inorganic components used in peat or pine bark based soilless substrate 

(Handreck and Black, 2002; Reed, 1996).  Clay mineral aggregates have been 

reported to increase percolation rate, drainage, and air space (Reed, 1996).   

More specifically, calcined palygorskite clay has been reported to increase pH 

buffering capacity, reduce available phosphorus (P), and reduce P leaching 

(Handreck and Black, 2002).  Clay mineral aggregate amendments have been 

studied primarily in peat-based substrates with little research being conducted 

with pine bark-based media.  Warren and Bilderback (1992) compared rates (0, 

27, 54, 67, 81 kg m-3) of arcillite in a pine bark substrate, reporting urvilinear 

increases in available water (AW) and growth of Rhododendron sp. ‘Sunglow’ 

with increasing rates of arcillite.  Compared to unamended pine bark, Owen et 

al. (2003) reduced water use by 0.4 liters day-1 per 14 liter container when pine 

bark was amended with 8% (by vol.) of calcined 0.85 mm - 0.25 mm Georgiana 

palygorksite-bentonite mineral aggregate.  This decrease in water use without 

affecting plant growth was attributed to an increase in water buffering capacity.   

 Clay is defined as a secondary mineral, (weathered primary mineral) with 

particle size < 2 µm.  Clay offer the water and nutrient buffering capacities found 

in soil, which are not typically present in soilless substrates due to their relatively 

inert components.  Clays of interest as a soilless substrate amendment are the 2 
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: 1 layer phyllosillicate minerals: smectite, palygorskite, and illite.  These 

phyllosillicate minerals are formed in layers composed of one octahedral sheet 

between two parallel tetrahedral sheets.  The products used in our research are 

a composite of the minerals:  Al-palygorskite and Ca-montmorillonite.   

 Montmorillonite, a smectite, is a 2 : 1 layer mineral with a plate like surface 

or structure.  The water associated with smectite is primarily surface adsorbed 

water, including more tightly bound interlayer water (Velde, 1992). Palygorskite 

(syn. attapulgite, Fuller’s Earth, hormite clay) ores occur in the Fuller’s Earth 

District in southern Georgia and northern Florida.  Palygorskite is a silicon (Si) 

rich mineral that occurs as a 2:1 dioctahedral fibrous or chain-like aluminosilicate 

that appear as rods.  This unique structure allows for the presence of zeolitic 

water (Velde, 1992).  Adsorbed and crystalline water are also associated with 

this mineral.  Crystalline water is a part of the mineral structure and zeolitic water 

occurs within the minerals capillary pores.  The surface of the mineral can also 

adsorb water through electrostatic forces or hydrogen bonding, creating a 

hydration shell around an industrial mineral aggregate.   

 Industrial clay minerals require processing before being used in industrial 

applications.  The mineral is screened into an appropriate particle size for use.  

The most popular size for the agriculture industry falls between 0.85 and 0.25 

mm (Moll and Goss, 1997).  Industrial clay minerals are dried at approximately 

121°C and described as Regular Volatile Material (RVM) (Moll and Goss, 1997).  

RVM products are soft and have 8% to 12% water by weight.  This dried product 

can be subjected to further heating (≤ 800°C) and classified as a low volatile m 
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material (LVM) which is calcined, or fixed, containing 0% to 1% water by weight 

(personal communication, Robert Goss, Oil-Dri R&D, Chicago, IL.). Thermal 

treatment affects the structure and physical behavior of both palygorskite and 

montmorillonite.  At temperatures of 500 to 600ºC the structure of palygorskite 

changes, resulting in the closure of pores created by the three dimensional, 

fibrous structure and the mineral becomes irreversibly anhydrous (Gonzalez et 

al., 1990; Velde, 1992).  At the completion of Ca-montmorillonite dehydration 

(200 to 400°C) the interlayer collapses completely, incorporating interlayer 

cations into the tetrahedral or unoccupied octahedral sheets, (Bray et al., 1998; 

and references therein) thus behaving like an illitic clay.    

 The objectives of this study were 1) to determine if a Georgiana 

palygorksite-bentonite mineral aggregate amendment increased substrate water 

buffering capacity and 2) to determine at what rates of mineral aggregate 

amendment did physical properties fall in normal ranges.  

 

Materials and Methods 

Substrate Physical Properties 

 Four 347.5 cm3 and five 100 cm3 cylindrical aluminum cores were buried 

in five fallow containers of substrates amended with Georgiana palygorksite-

bentonite aggregate (0.85 - 0.25 mm) at 0%, 4%, 8%, 12%, 16%, 20%, and 24% 

(by vol.).  An additional treatment of pine bark amended with 11% sand (by vol.) 

was also included as representative of the typical container substrate in the 

nursery industry.  After two weeks, intact cores were extracted and total porosity 
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(TP), container capacity (CC), available water (AW), and air space (AS) were 

determined using the NCSU Porometer™ as described by Fonteno and 

Bilderback (1993).  Unavailable water (UW), water held in the substrate at 1.5 

Mpa pressure, was determined with the 100 cm3 cores with a procedure 

developed by Milks et al. (1989).  Bulk density was determined using oven dried 

(110°C) substrate using the 347.5 cm3 volume cores that laid fallow.  Particle 

size distribution of approximately 500 cm3 oven dried (110°C) of fallow substrate 

was determined gravimetrically seperated using 6.30 mm, 2.00 mm, 0.71 mm, 

0.50 mm, 0.25 mm, and 0.106 mm sieves.  Particles ≤ 0.106 mm were collected 

in a pan.  Five samples of each substrate was analysed.  Sieves and pan were 

shaken for five  minutes with a RX-29/30 Ro-Tap® test sieve shaker (278 

oscillations per minute, 150 taps per minute) (W.S. Tyler, Mentor, OH).   

Substrate Moisture Characteristic Curves 

 Cylindrical aluminum cores (347.5 cm3) were placed in four fallow 

containers of substrates amended with Georgiana palygorksite-bentonite 

aggregate (0.85 to 0.25 mm) at 0%, 8%, 12%, 16%, and 20% (by vol.).  Intact 

cores were removed after 100 days to determine substrate moisture at ΘS, ΘD,   

10, 20, 40, 50, 75, 100, 200, and 300 cm of pressure based on the procedure 

described as Milks et al. (1989)  Volumetric water content at saturation and 

drainage at 3.8 cm of pressure are represented by ΘS and ΘD, respectively.  
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Statistical analysis  

  All data was subjected to linear and quadratic regression procedures with 

PROC REG using SAS statistical software (SAS Institute, Cary, NC).  Where 

appropriate, treatments means were compared using orthogonal contrast 

statements, P ≤ 0.05. 

 

Results and Discussion 

Substrate Physical Properties 

 When pine bark was amended with ≥ 8% mineral aggregate all physical 

properties were in the normal ranges suggested by Bilderback et al. (2005) 

(Table 1). An increasing rate of Georgiana palygorksite-bentonite mineral 

aggregate from 0% to 24% (by vol.) increased CC from 50% to 63% whereas AS 

decreased from 34% to 21% (Table 1). Bulk density (Db) increased linearly with 

increasing rate of mineral aggregate and remained 20% less than the control 

(pine bark amended with sand) at all mineral aggregate amendment rates.  

Available water increased linearly with increasing mineral aggregate rate, 

whereas UW linearly decreased from 38% to 33%.  Unavailable water remained 

greater in mineral amended and pine bark (no clay mineral aggregate) 

substrates when compared to the control (pine bark amended with sand).  The 

increases in CC and AW were, in part, contributed by the large linear increase in 

fine particles (< 0.70 mm) from 0 to 24% mineral aggregate addition (Table 1).  

Particles > 2.00 mm and < 6.30 mm decreased linearly as mineral aggregate 

rate increased (by vol.) (Table 2).  There was a 3-fold increase in particle sizes 
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of 0.25 – 0.49 mm and 0.50 – 0.70 mm as mineral aggregate rate increased.  

Particles < 0.24 mm were unaffected by mineral aggregate rate (Table 2).  The 

CC and AW of control substrate (pine bark amended with sand) was equivalent 

to an 8% (by vol.) mineral amended substrate (Table 1).  Mineral amendments ≥ 

12% (by vol.) resulted in an increase in CC and AW compared to the control.  

The increase in CC could result in increased water application efficiency 

(Warren and Bilderback, 2005).  Pine bark amended with mineral aggregate (0% 

to 24% by vol.) had significantly greater TP compared to the control.  Air space 

was significantly greater than the control when pine bark was amended with 0% 

to 4% (by vol.) of a mineral aggregate, whereas AS was significantly less than 

the control when pine bark was amended with 20% to 24% (by vol.) of a mineral 

aggregate. 

 These findings are similar to results reported by Warren and Bilderback 

(1992) who compared rates (0, 27, 54, 67, 81 kg m-3) of arcillite in a pine bark 

substrate.  They reported AW increased 20% to 24% with increasing rate of 

arcillite whereas AS decreased linearly from 29% to 20%. Growth of 

Rhododendron sp. ‘Sunglow’ increased curvilinearly with arcillite with the 

optimum rate being 57 kg m-3.  Warren and Bilderback (1992) hypothesized the 

increased growth was, in part, a result of the increased AW in the arcillite 

amended substrate.  

Substrate Moisture Characteristic Curves 

 Pine bark volumetric water content decreased 63% from ΘS to 300 cm.   

However, mineral aggregate amended pine bark decreased volumetric water 
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content 56% (data not presented).  The mineral amended substrate volumetric 

water content increased 16% from 25 cm3 cm-3 to 29 cm3 cm-3 as mineral 

aggregate rate increased (Fig. 1).  Soil moisture characteristic curves were 

partitioned into readily available water (RAW) (10 cm  to 100 cm) which was 

further separated into easily available water (EAW) (10 cm  to 50 cm) and water 

buffering capacity (WBC) (10 cm  to 100 cm) (DeBoodt and Verdonck, 1972).  

Increasing mineral aggregate rate from 0% to 20% resulted in a 1-fold increase 

in RAW.  This was due primarily to the 133% increase in EAW as mineral 

aggregate rate increase from 0% to 20% (by vol.).  The increase in mineral 

aggregate rate from 8% to 24% (by vol.) resulted in a 14% to 24% increase in 

EAW at 100 cm when compared to pine bark alone (0% mineral aggregate) (Fig. 

1).  There was no increase in WBC between 4% and 20% mineral aggregate 

amendment, however, there was an average 9% increase in volumetric water 

content when comparing any of the mineral aggregate amended substrates to 

pine bark (0% mineral aggregate) (Fig. 1).   

 Riviere et al. (1990) reported similar findings of substrate physical 

properties of 4 expanded clay : 1 brown peat  or 6 expanded clay : 1 brown peat 

substrate (by vol).  The 6 clay : 1 peat substrate resulted in an increase in TP 

and EAW compared to a 4 clay : 1 peat.  In contrast, Verhagen (personal 

communication) found conflicting results, stating that EAW decreased with 

increasing rate of clay components.  Spomer (1998) reported substrates 

containing expanded clay have intra-pores that may contain water that is 

available to the plant.  However, Spomer (1998), like Reed (1996) found 
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increased AS in clay amended substrates which conflicts with data presenta by 

Warren and Bilderback (1992) and that  presented herein. This most likely is a 

result of the difference between the basic substrate component, pine bark 

versus peat. 

Conclusions 

 Available water and CC increased linearly with increasing mineral 

aggregate rate, however AS decreased linearly while TP was unaffected.  

Increasing rate of mineral aggregate increased RAW and volumetric water 

content at all suctions greater than 2 cm. Thus, we hypothesize that WBC is 

increased when pine bark is amended with a mineral aggregate.  Use of mineral 

aggregate amendment rates greater than ≥ 8% (by vol.) would improve physical 

properties of pine bark substrate. 
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Tables 
 

Table 1.  Substrate physical properties of pine bark amended with sand (control) or 0.85 mm - 0.25 mm calcined 
Georgiana bentonite-palygorksite clay mineral aggregate at seven rates (by vol.).  
 
   Bulk Totalz Containery Airx Availablew Unavailablev Particle size 
 Substrate density porosity capacity space water water >0.71  <0.70 
  (g cm-3)   (% volume)   (mm) 
     
 Control 0.36 79 53 27 21 31 68 31 
 
 Mineral aggregate rate (% by vol.) 
 0 0.18*u 84* 50 34* 12* 38* 83* 17* 
 4 0.19* 85* 51 33* 13* 38* 73 27 
 8 0.22* 84* 57 27 21 35* 59 41 
 12 0.24* 85* 59* 26 23* 36* 57 43 
 16 0.25* 85* 61* 23 28* 34* 53* 47* 
 20 0.27* 84* 63* 21* 28* 35* 47* 53* 
 24 0.29* 83* 63* 21* 29* 33* 46* 54* 
 
 Linear <0.0001t 0.58 <0.001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 
 Quadratic 0.53 0.07 0.02 0.21 <0.0001 0.22 0.01 0.01 
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Table 1.  continued 
 

zPercent volume at 0.4 kPa. 
yPredicted as percent volume at drainage. 
xTotal porosity – container capacity.  
wContainer capacity – unavailable water. 
vPercent volume at 1500 kPa. 
u* denotes significant difference from the control determined by orthogonal contrast statements, P≤0.05. 
tP values.
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Table 2.  Substrate particle size distribution of pine bark amended with 0.85 mm - 0.25 mm calcined Georgiana bentonite-
palygorksite clay mineral aggregate at seven rates (by vol.).  
 

          
  Mineral       
  aggregate    Mineral substrate particle size (mm) 
  rate  

 (% volume) >6.30 2.00-6.29 0.71-2.00 0.50-0.70 0.25-0.49 0.106-024 <0.105 
 
 0 13 44 27 6 6 3 2 
 4 13 36 24 12 10 4 2 
 8 8 29 22 18 18 4 1 
 12 9 27 22 20 18 4 2 
 16 9 23 21 22 20 3 2 
 20 8 21 18 25 23 3 2 
 24 6 22 18 26 24 3 1 
 
 Linear <0.0001z <0.0001 <0.0001 <0.0001 <0.0001 0.47 0.53 
 Quadratic 0.38 0.0004 0.33 0.01 0.02 0.40 0.66 
 
zP values. 



 

 

134

 
Figures 

 

 
 

Fig. 1.  Substrate moisture characteristic curves of pine bark 
amended with 0.85 - 0.25 mm calcined Georgiana bentonite-
palygorksite clay mineral aggregate at five rates (by vol.). 
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Rate of industrial mineral aggregate affect on Skogholm cotoneaster growth and 

effluent nutrient concentration and content 

 

Additional index words:  clay, irrigation, leachate, mineral carriers, pine bark, runoff, 

sand, water use, XANES, chemical speciation 

 

Abstract:  Clay amended pine bark substrate for containerized crop production 

using a palygorskite bentonite industrial clay aggregate increases plant mineral 

nutrient content and reduces irrigation water requirements with equivalent plant 

growth.  The primary objective of this study was to determine the clay 

amendment rate which maximizes plant growth and nutrient and water use 

efficiency.  A secondary objective was to determine chemical species of P 

(calcium-, aluminum-, and iron phosphates) minerals associated with the 

aggregate mineral using P K-edge x-ray near-edge structure (XANES) 

spectroscopy.  Cotoneaster dammeri C.K. Schneid. ‘Skogholm’ potted in pine 

bark amended with 0%, 8%, 12%, 16%, and 20%, low volatile palygorskite 

bentonite (0.25 to 0.85 mm particle size) was grown on a gravel nursery floor for 

314 days.  Effluent and influent water were collected daily and weekly, 

respectively, for the first 122 days.  With increasing clay addition plant growth 

and net photosynthesis increased curvilinearly and linearly after 122 days, with 

the calculated maximum occurring at 12% and 11% (by vol) clay amendment 
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rate, respectively.  Maximizum water use efficiency and stomatal conductance 

was calculated to occur at 11% (by vol.) clay amendment rate.  Plant elemental 

nutrient content of P, K, Ca, and Mg increased when pine bark was amended 

with clay.  Substrates amended with clay maintained a higher pH over the 

course of the study.  Substrate temperature on the south wall of the container 

decreased linearly with increasing clay amendment rate possibly decreasing 

plant stress.  The clay aggregate contained 75 % hydroxyapatite as determined 

by XANES spectroscopy.  This P mineral was most likely responsible for 

increased effluent P content.  Nitrate and ammonium effluent concentration and 

content were reduced in clay amended substrates.  A pine bark substrate 

amended with ≥ 11% clay resulted in a larger plant with greater plant mineral 

nutrient content that utilized water more efficiently.  In addition, the clay 

amended pine bark substrate resulted in buffered pH and decreased edaphic 

temperature extremes.      
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 Best management practices for containerized nursery crops are focused on 

reducing water and nutrient inputs to minimize environmental impact (Yeager et al., 

1997).  However, there has been little effort to engineer a substrate to maximize 

water and nutrient input use efficiency.  Soilless substrates used for containerized 

ornamental plant production do not provide the nutrient retention or water buffering 

capacities characteristic of soils (Reed 1996, ;Handreck and Black.2002).  Salable 

plants are produced quickly in a soiless substrate, but nutrient use efficiencies are 

approximately 50% (Tyler et al. 1996; Lea-Cox and Ristvey, 2002).  A chemically 

reactive component that increases water retention is needed in soilless substrates to 

increase water and nutrient use efficiency.  Clays, fine grianed inorganic minerals, 

may be such a component.  Previous research on clay amendments for production 

of ornamental crops has focused mainly on greenhouse crops that use peat as a 

primary soilless substrate component (Bugbee and Elliot, 1998; Williams and 

Nelson, 1997).  Little research has been conducted using clay to amend bark-based 

substrates.  Warren and Bilderback (1992) compared rates (0, 27, 54, 67, and 81 kg 

m-3) of arcillite in a pine bark substrate.  They reported that available water (AW) in 

the substrate and growth of Rhododendron sp. ‘Sunglow’ increased curvilinearly with 

increasing rate of arcillite, while NH4, P, and K effluent concentrations decreased 

linearly with increasing rate. 

 More recently, industrial clay mineral aggregates have been investigated 

as a substrate amendment due to their uniformity and reproducibility.  Mineral 

aggregates are utilized for a wide range of industrial purposes, such as an 

absorbent, fertilizer carrier, and barrier clay to remove or contain heavy metals 



 

 

141

or toxins (Murray, 2002).  Industrial mineral aggregates vary by particle size and 

temperature pretreatment.  The aggregates are classified as regular (RVM) or 

low volatile material (LVM) which are heated to approximately120 °C or 300 °C 

to 800 °C, respectively (Moll and Goss, 1997).  Owen (2006) amended pine bark 

with RVM and LVM of contrasting aggregate particle sizes (0.25 to 0.85 mm and 

0.85 to 4.75 mm) and evaluated their effects on chemical and physical 

properties of a pine bark substrate, and subsequently on plant growth.  He 

reported that an 8% (by vol.) addition of 0.25 to 0.85 mm Georgiana palygorskite 

bentonite industrial LVM mineral aggregate increased water use efficiency by 

17%, cation exchange capacity by 75%, and P content of cotoneaster top by 

42% when compared to an industry representative substrate [8 pine bark : 1 

sand (by vol.)].  In addition, Owen (2006) investigated the physical properties of 

pine bark amended with 0% to 24% (by vol.), LVM Georgiana palygorskite 

bentonite (0.25 to 0.85 mm) and reported ≥ 8% (by vol.) improvements in 

physical properties of the substrate by optimizing container capacity and air 

space.  The objectives of this study were (1) to determine the effect of rate of 

0.25 to 0.85 mm, LVM palygorskite bentonite aggregate amendment in a pine 

bark substrate on plant growth, and nutrient and water use efficiency, and (2) to 

determine solid-phase chemical forms (species) of P minerals associated with 

the clay mineral using P K-edge x-ray near-edge surface (XANES) 

spectroscopy. 
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MATERIALS AND METHODS 

Experimental Design.  The experiment was a randomized complete block design 

with three replications.  The experiment was conducted from 20 May 2003 to 6 April 

2004 at the Horticulture Field Lab. (lat. 35°47'37'', long. -78°41'59''), North Carolina 

State University, Raleigh.  The treatments were pine bark amended with 0%, 8%, 

12%, 16%, and 20% (by vol.) 0.25 to 0.85 mm (24/48 standard U.S. mesh), LVM 

palygorksite-bentonite blended industrial mineral aggregate from Ochlocknee, GA 

(Oil-Dri Corp. of America, Chicago, IL).  Fallow containers of each substrate were 

placed adjacent to the plants in each replication and received equivalent rainfall and 

irrigation. 

Water and Nutrient Management.  Rooted stem cuttings of Cotoneaster dammeri 

C.K. Schneid. ‘Skogholm’ were potted into 14 L containers (C-2000, Nursery 

Supplies Inc., Chambersburg, PA) on 20 May 2004.  Containers were topdressed on 

29 May 2004 [0 days after experiment initiation (DAI)] with 60 g 17N-2.2P-8.3K [17-

5-10 six month controlled-release fertilizer (CRF), Harrell’s, Lakeland, FL].  All 

substrates were amended with 0.6 kg m-3 ground dolomitic limestone [CaMg(CO3)2].  

The containers were placed on 15 separate plots, eleven containers per plot.  An 

additional four plants were placed adjacent to a corresponding replication and used 

for photosynthesis and stomatal conductance measurements.  Plots were 8 x 1 m 

with a 2% slope and lined with corrugated plastic to allow for quantitative collection 

of effluent.  On the 15 effluent collection plots, effluent volume was measured daily 

from irrigation water that was applied via pressure compensated spray stakes [Acu-

Spray Stick; Wade Mfg. Co., Fresno, CA (200 mL min-1)].  Irrigation was applied in a 
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cyclic manner, with the irrigation volume divided equally among three applications at 

1200, 1500, and 1800 HR EST.  Irrigation volume or influent was applied to each plot 

to maintain a 0.20 leaching fraction (LF, Eq.[1]) based on effluent collected in 15 

(mL)  applied    waterirrigation
(mL)  leached    waterirrigation    LF =  [1] 

effluent collection plots.  Effluent volumes (mL) were determined daily and influent 

volumes (ml) were adjusted bi-weekly to maintain a 0.2 target LF.  These data were 

used to determine water volume and water use as affected by treatment.  From 

these data, water use efficiency of productivity (WUEP, Eq. [2]) was calculated.  

 
(g)  production  matter  dryplant    total

(mL)  substrate  the  in  retained  water  WUEP =  [2] 

 Stomatal conductance (gs) and net photosynthesis (Pn) were measured on 

two plants from each replication at midday (1230 to 1530 HR EST) on 26 Aug 2003 

(89 DAI).  Stomatal conductance and Pn were measured using a LI-6200 closed, 

portable gas exchange system with a 0.25 L chamber (LI-COR, Lincoln, NE).  Data 

were recorded for 30 s on the terminal 5 cm of intact stem with approximately 5 fully 

expanded leaves.  Measurements were taken under natural light in which 

photosynthetic active radiation (PAR) remained > 1896 µmol m-2 s-1.  Average CO2 

concentration within the chamber was 325 ± 4 SE  µmol mol-1 and relative humidity 

was maintained at 43% ± 1 SE.  Photosynthetically active radiation, air and leaf 

temperature (mean temperature = 40 °C ± 1 SE) and relative humidity were 

measured concurrently with gas exchange.  Data were used to calculate water use 

efficiency of photosynthesis (WUEPn, Eq. [3]). 
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Effluent and Substrate Handling.  An aliquot of the daily collected effluent from 0 to 

122 DAI (30 May to 30 Sept. 2003).  was analyzed colorimetrically using a UV-

visible spectrophotometer (Spectronic 1001, Plus Milton Roy Co., Rochester, NY) for 

NH4-N (Chaney and Marbach, 1962), NO3-N (Calaldo et al., 1975), and dissolved 

reactive P (DRP) (Murphy and Riley, 1962).  Available substrate total N and DRP 

were extracted from the growing (fertilized) and fallow (non fertilized) substrate using 

a 1 substrate : 1.5 extract ratio (115 cm3 substrate : 175 mL deionized water) 

(Sonneveld et al., 1974).  The extractant was nano-pure water in which the substrate 

dilution was shaken for 1 h and filtered to ≤ 0.45 µm through syringe driven Millex-

HPF HV non-sterile filter, 0.45 µm, PVDF, 25 mm (Millipore Corp., Billerica, MA).  All 

samples were analyzed colorimetrically using a UV-visible spectrophotometer 

(Spectronic 1001, Plus Milton Roy Co., Rochester, NY) for NH4-N (Chaney and 

Marbach, 1962), NO3-N (Calaldo et al., 1975), and dissolved reactive P (DRP) 

(Murphy and Riley, 1962).   

 Nitrate-N, NH4-N, and DRP remaining in the fertilizer prills at the end of the 

study were measured as follows.  Nutrients were extracted from the fertilizer prills by 

blending the prills in 200 mL deionized water.  After blending, the liquid was 

quantitatively transferred to a 1 L volumetric flask which was brought to volume 

before taking an aliquot of the extractant supernatant.  Nitrate-N, NH4-N, and DRP in 

fertilizer prill extracts were filtered and quantified using the spectrophotometer as 

described previously. 
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Edaphic Environmental Monitoring.  Substrate solution extracts were obtained at 3 to 

4 week intervals between 1 and 23 weeks after experiment initiation (WAI) to 

monitor substrate solution pH and electrical conductivity (EC).  Substrate solution 

was collected by displacing 50 mL of solution with 600 mL of deionized water after 

the second daily irrigation application at 1800 HR EST.   

 Calibrated soil temperature probes were placed approximately 13 cm below 

the substrate surface and approximately 3 cm from the north and south walls of a 

single container per replication to measure substrate temperature.  Temperature of 

each substrate was measured using a CR23X Micrologger®, AM 16/32 multiplexer, 

and A3537 thermocouple wire (Campbell Sci., Inc., Logan, UT).  Temperature was 

measured at 5 min intervals to calculate and record hourly average, minimum, and 

maximum substrate temperature.  Ambient air temperature in a shelter 1.5 m above 

the soil surface was recorded hourly.  Temperature reported is pooled over three 

days (26 to 28 Aug 2003; 89 to 91 DAI) within each replication for each specified 

time.   

Crop Response.  At 122 (30 Sept. 2003), 208 (23 Dec. 2003), and 314 (6 April 2004) 

DAI, tops from two randomly chosen containers per plot (total of six plants per 

treatment) were removed.  Roots were placed over a screen and washed with a 

high-pressure water stream to remove substrate.  Tops and roots were dried at 65 

°C for 5 days and weighed.  Due to their size, tops were ground initially using a 

Model 4 bench, 1 HP Wiley Mill® (Thomas Scientific, Swedesboro, NJ) to pass ≤ 6 

mm sieve.  The ground material from the tops and roots were ground separately via 

a Foss Tecator Cyclotec™ 1093 sample mill (Analytical Instruments, LLC, Golden 
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Valley, MN) to pass ≤ 0.5 mm sieve.  Roots and tops were analyzed for total N, P, K, 

Ca, Mg, S, Fe, Mn, Zn, Cu, B, Mo, and Cl by the North Carolina Department of 

Agriculture, Agronomic Division.   

Field Data Analysis. Data were subjected to analysis of variance (PRC GLM) and 

regression procedures (PROC REG) (SAS Institute, Cary, NC) with a P ≤ 0.10 to 

reduce the risk of a Type II error (Marini, 1999).  Treatment means were compared 

using orthogonal contrast statements, P ≤ 0.10.  PROC CORR (SAS Institute, Cary, 

NC) was used to investigate correlations between WUEP and gs.  When significant, 

simple linear and polynomial curves were fitted to data (Kaleidagraph, Synergy 

Software, Reading, PA).  The maximum of the polynomial curve was calculated as a 

first order derivative of the independent variable where the dependent variable 

equaled zero. 

Phosphorus K-XANES Analysis.  Dry powder samples (< 20 µm) of Georgiana (GA), 

industrial mineral aggregate were analyzed using P K-XANES to determine the P 

chemical species.  The material was mined at Ochlocknee, GA (Oil-Dri Corporation 

of America, Chicago, IL) and classified as RVM or LVM (Moll and Goss, 1997).  X-

ray diffraction indicated that the mineral was composed primarily of interstratified 

bentonite and palygorskite.  In addition to the industrial mineral samples, standards 

of PO4 absorbed on ferrihydrite (1000 mmol kg-1) at pH 6 and calcium phosphate 

(Ca-PO4) minerals; octacalcium phosphate, brushite, monetite, and hydroxyapatite 

were prepared.  Mineral standards were diluted in boron nitride (BN) or petrolatum 

(Vaseline Intensive Care, Chesebrough Ponds, Greenwich, CT) to 400 mmol P kg-1 

for samples analyzed in 2004 or 2005, respectively.  The Ca-PO4 standards were.  
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Two to four XANES scans across the P K-edge with consistent baselines were 

averaged, with the exception of the octacalcium phosphate standard where a single, 

high quality scan was used. 

 Phosphorus K-XANES data were collected at Beamline X15B on July 2004 

and March 2005 at the National Synchrotron Light Source (NSLS), Brookhaven 

National Laboratory in Upton, NY.  An electron beam energy of 2.5 GeV and 

maximum beam current of 300 mA were utilized.  The monochromater was 

calibrated to 2151.7 eV at the phosphorus K edge for a standard.  Data were 

collected in fluorescence mode between 2102 and 2252 eV (-50 to 100 eV relative to 

the 2152 eV calibration energy)   

 The beamline optical system is a dual-crystal Si (III) monochromater located 

between two mirrors.  The first mirror is a cooled, cylindrical platinum coated copper 

mirror that collimates the beam onto the first crystal of monochromator based on 

fixed-exit geometry.  This mirror was located 8 m from the X-ray source (entrance 

slit) and used to adjust the grazing angle to discriminate against harmonics.  The 

second mirror, which focuses the beam after exiting the second crystal of the 

monochromamter, is a 1 : 1 focusing, platinum coated, fused silica toroidal mirror 22 

m from the sample.  The beamline end station was a small, He-purged Hutch Box 

equipped with a solid-state, Ge fluorescence detector.   

 Normalization of averaged XANES spectra was performed using ATHENA 

data analysis software (Ravel and Newville, 2005) to obtain concentration-

independent data.  The baseline was corrected using a linear regressionbetween -50 

and -10 eV (relative to the 2151.7 eV calibration energy).  A linear normalization was 
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performed using the flat, high energy region between 70 and 100 eV (relative 

energy) (Sayers and Bunker, 1988). 

 Least-squares linear combination fitting of XANES spectra (Khare et al., 

2004) for LVM and RVM industrial mineral aggregate samples were completed using 

Athena software.  Samples were fit using all possible combinations of the standards 

(maximum four standards per fit) between -10 to 30 eV (relative energy) which 

include the white-line peak and post-edge regions.  The analysis calculated the 

fraction of each standard spectrum, that when summed, yields the least squares fit 

to a sample spectrum.  The weighting factors for standard spectra in a fit were not 

constrained in Athena such that they must sum to 1, however they remained within 

1%.  The resulting weighting factors were subsequently normalized to a sum of 1 

(Beauchemin et al., 2003).  There was no detectable instability in monochromamter 

energy between analyses that occurred in 2004 versus 2005.  Therefore, a shift in 

energy scale in the fitting anlaysis was not allowed.  Fits for each sample were 

ranked according to goodness-of-fit (based on R-factors (Eq. [4]) calculated in 

Athena and the best fit was reported. 

 
( )
( )∑

∑= 2

2

data
fit - data   factor-R      [4] 

Data Analysis.  All data were subjected to analysis of variance (PRC GLM) and 

regression procedures (PROC REG) (SAS Institute, Cary, NC) with a P ≤ 0.10 to 

reduce the risk of a Type II error (Marini, 1999).  Treatments means were compared 

using orthogonal contrast statements, P ≤ 0.10.  PROC CORR (SAS Institute, Cary, 

NC) was used to investigate correlations between WUEP and gs.  When significant, 
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simple linear and polynomial curves were fitted to data (Kaleidagraph, Synergy 

Software, Reading, PA).  The maximum of the polynomial curve was calculated as a 

first order derivative of the independent variable where the dependent variable 

equaled zero.  
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RESULTS AND DISCUSSION  

Crop response:  Clay amendment between 0% and 20% resulted in a curvilinear 

increase in top dry mass at 122 DAI (30 Sept. 2003) (Table 1) with the maximum 

(300 g) calculated to occur at 12% (by vol.).  In contrast, root dry mass (mean = 30 g 

± 1SE) was unaffected by substrate amendment rate.  Pine bark amended with any 

rate ≥ 8% clay resulted in a 22% increase in top growth (50 g ± 10 SE) when 

compared to an unamendmend pine bark substrate (0%). 

 The increase in top growth is a reflection of the curvilinear increase in Pn with 

increasing clay amendment rate, wherein, maximum Pn (11.6 µmol CO2 s-1 m-2) was 

calculated to occur at 11% (by vol.) clay amendment rate (Fig. 1).  At either a 0% or 

20% amendment rate Pn decreased approximately 22% (2.6 µmol CO2 s-1 m-2) from 

the maximum.  This decrease could be contributed to suboptimal substrate water 

content inducing plant stress (Kramer and Boyer, 1995).  Daily exposure to water 

stress at 0% or hypoxic conditions at 20% amendment rate may lead to a reduction 

in maximum Pn as a protection mechanism against further stress situations (Chaves 

et al., 2002).  This regulation may reduce top growth due to less plant CO2 

assimilation when the substrate is amended with clay at 0% or 20%.  However, at an 

12% clay amendment rate water buffering capacity was increased, which reduced 

daily stress and increased Pn, and subsequently increased growth. 

 At 208 DAI (23 Dec. 03) root dry mass decreased linearly from 141 to 118 g 

as clay amendment rate increased from 0% to 20% (Table 1).  In addition, a priori 

contrasts determined that only root dry mass at 16% and 20% were significantly less 

than cotoneaster root dry mass grown in pine bark (0%).  Root dry mass increased 
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3-fold (95 g) or 4-fold (114 g) from 124 to 208 DAI (30 Sept. to 23 Dec. 2003) in pine 

bark only (0%) and clay amended substrate (8% to 20%), respectively.  Similar 

increases in root mass during fall and winter were reported by Ivy et al. (2002).  

Average top mass increased 57% (151 g) for all amendments over the same 86 day 

interval. 

 Skogholm cotoneaster top growth increased linearly 100 g (22%) as clay 

amendment rate increased from 0% to 20% at 314 DAI (6 Apr. 2003) (Table 1).  

When pine bark was amended with clay (8% to 20%), top dry mass increased 21% 

(93 g) relative to an unamended (0%) pine bark substrate.  In contrast, root dry mass 

(mean = 95 g ± 2 SE) was unaffected by treatment.  Mean root dry mass decreased 

by 20% (30 g) from 208 to 314 DAI (23 Dec. 2002 to 6 Apr 2003) in substrates 

amended with clay (8% to 20%), whereas, root loss was 37% (52 g) in pine bark 

(0%).  This could be a result of reduced seasonal shifts in carbon allocation from 

root to shoot for nutrient acquisition when plants are grown in optimal edaphic 

conditions. 

 Root : top ratio was unaffected at 124 DAI (mean = 0.13 ± 0.01) or 314 DAI 

(mean = 0.18 ± 0.01) by clay amendment rate (Table 1).  However, root : top ratio 

was 38% greater at 314 DAI compared to 124 DAI due to root mass gain.  At 208 

DAI (23 Dec. 2003) root : top ratio decreased linearly 29% from 0.38 to 0.27 with 

increasing clay amendment rate.  Root : top ratio of cotoneaster grown in clay 

amended substrates (8% to 20%) decreased by 26% from 208 to 304 DAI (Table 1).  

We hypothesize that this was a result of a more suitable edaphic environment 

(temperature, nutrients, water) which equated into less root growth needed to exploit 
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the container volume for nutrient and water absorption (Brouwer, 1962).  Therefore, 

greater carbon was allocated to the plant top to maximize Pn (Fritter and Hay, 2002).   

Nutrient Allocation.  Cotoneaster P nutrient mineral content increased curvilinearly 

with increasing clay amendment rate, with maximum plant P content of 446 mg 

calculated to occur at 14% (by vol.) clay addition (Table 2).  Potassium followed a 

similar trend in which the maximum content (2,880 mg) occurred at clay amendment 

rate of 14% (by vol.).  Cotoneaster nutrient content of Ca and Mg increased linearly 

with increasing clay amendment rate. 

 This increase in macronutrients may play a large role in Pn and gs.  Net 

photosynthesis of P deficient plants (Nicotiana tabacum L.) was reduced up to 75% 

regardless of CO2 concentration (Pieters et al., 2001).  This was believed to be a 

result of decreased sugar transport or synthesis in which P is vital.  Plant K acts as a 

cellular osmoticum, which regulates stomatal function resulting in increased gs in the 

presence of optimal substrate physical conditions (Buchanan et al, 2000).  In 

addition to the nutrient buffering capacity provided by clay, we hypothesize that the 

tortuosity of a pine bark substrate increased with increasing clay amendment rate.  

This characteristic might have contributed to increased plant mineral nutrient content 

since the rate of K and P absorption is determined by the elements diffusion 

coefficient and the tortuosity of the growing substrate.  Nitrogen nutrient mineral 

content (2,677 mg ± 49 SE) of cotoneaster was not affected by treatment (data not 

presented).  Nitrogen absorption would not be affected by substrate because it is 

primarily taken up via mass flow (Mengel and Kirkby, 2001). 
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 Plant Mn mineral nutrient content decreased linearly with increasing clay 

amendment rate (Table 2).  Iron content increased curvilinearly with increasing clay 

amendment rate with the calculated maximum (22 g) uptake occurring at 12% (by 

vol.).  Decreased Mn and Fe content may have resulted from decreased solubilityof 

Fe and Mn containing minerals, and therefore availability, due to increased substrate 

pH associated with increasing amendment rate (Owen, 2006; Mengel and Kirkby, 

2001).  Similar to Mn, plant Zn mineral nutrient content decreased linearly (43%) 

with increasing clay amendment rate (data not presented).  Zinc and other heavy 

metal substrate solution concentrations most likely decreased due to sorption by the 

mineral aggregate amendment.  For example, Álvarez-Ayuso and García-Sánchez, 

(2003) reported up to a 52% reduction of Zn in polluted soils using a palygorskite 

amendment.    

Water Allocation.  Mean daily and total influent volume to maintain a contant LF for 

the initial 122 days increased linearly with increasing mineral amendment rate, 

however, the major difference occurred between the unamended (0%) and clay 

amended (8% to 20%) pine bark substrate (Table 3).  Water retained (influent – 

effluent) followed the same trend as influent.  The increase in water retention of the 

clay amended (8% to 20%) versus unamended substrate (0%) may be a result of the 

increased water buffering capacity when pine bark is amended with clay (Owen, 

2006).  The target LF was 0.02, however, the calculated LF decreased curvilinearly 

with increasing clay amendment rate.  However, the minimum LF was only 0.2 less 

than the maximum that occurred at 0% or 20% clay amendment rate (Table 3).  

Water use efficiency of productivity fit a curvilinear trend in which maximum 
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efficiency (332 mL g-1) was calculated to occur at 11% (by vol.) clay amendment rate 

(Table 3).  Therefore, when pine bark was amended with 11% clay approximately 50 

ml of water were saved for each gram of dry matter produced when compared to 

substrates amended with 0% or 20% clay.  Stomatal conductance fit a similar 

curvilinear trend in which the maximum (0.4 µmol m-2 s-1) was also calculated to 

occur at a clay amendment rate of 11% (Fig. 1).  The inverse of WUEP (1 ÷ WUEP) 

was correlated (P = 0.03, r = 0.56) with gs.   

 Decreased gs at less than optimal edaphic water status, which may take place 

at a 8% clay amendment rate, is hypothesized to occur via an induced signal (ABA) 

that occurs at species dependent substrate moisture tensions (Kramer and Boyer, 

1995).  However, the inverse may occur in substrates amended with 20% clay 

amendment rate, in which a saturated substrate results in low oxygen 

concentrations, which decreases stomatal aperture.  Repeated induced stresses 

from non-optimal substrate water content may lead to “stress memory” which results 

in a decline of gs as a protective mechanism for further drought induced situations 

(Goh et al., 2003).  In spite of these differenced in Pn and gs, WUEPn was unaffected 

by treatment (mean = 0.034 µmol H2O µmol-1 CO2 ± 0.001 SE) (data not presented).   

Edaphic Environment.  Excluding 4 and 7 WAI, substrate solution pH increased 

linearly with increasing mineral amendment rate (Table 4).  However, substrate 

solution pH values changed over the season.  Initially, at 1 WAI substrate solution 

pH increased linearly from 5.2 to 5.5 with increased clay amendment rate.  At 7 WAI, 

pH peaked at 6.8.  This peak in substrate pH can most likely be attributed to both the 

dolomitic lime incorporated into all substrate treatments and the increase in 
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municipal water pH used for irrigation.  Beyond 7 WAI the effect of dolomite and 

irrigation water pH became less dominant as pH decreased with each continuing 

WAI (Table 4).  This weekly decrease was most notable at 0% clay and became less 

prominent as clay amendment increased from 8% to 20%.  The unamended pine 

bark (0%) decreased from 6.7 at 7 WAI to 4.7 at 23 WAI, whereas amendment rates 

from 12% to 20% decreased only 0.9 units from 7 to 23 WAI  (Table 4).  The 

maintenance of higher substrate pH when pine bark is amended with clay agrees 

with previous reports in soilless substrate by Handreck and Black (2002) and Reed 

(1996).  Clay amendment rate of a pine bark substrate had no effect on EC (mean = 

0.39 dS cm-1± 0.03 SE) (data not presented), which indicated there was no 

significant increase in total dissolved salts in the substrate solution.   

 A pine bark-based substrate may be > 40°C daily for up to 6 hours and may 

exceed 50°C (Ingram, 1981; Martin and Ingram, 1988). In a review, McMichael and 

Burke (1998) stated that increased soil temperature changes root morphology by 

reducing lateral roots and decreased nutrient and water uptake due to decreased 

enzymatic activity.  Within our study, mean substrate temperature at 0800 HR EST 

was 25 °C for both the north and south wall, which was equivalent to ambient air 

temperature (Table 5).  Substrate temperature on the south wall decreased linearly 

from 33.3 to 30.8 °C at 1100 HR EST with increasing clay amendment rate.  In 

contrast, substrate temperature on the north wall remained similar to air 

temperature.  From 1100 to1400 HR EST substrate temperature increased, on 

average 8 and 5 °C for the south and north wall of the container, respectively (Table 

5).  Substrate at the south wall decreased linearly 5 °C with increasing amendment 
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rate while the temperature on the north wall increased linearly 2 °C with increasing 

clay content.  The significant difference occurred primarily between pine bark only 

(0%) versus 16% to 20% clay amendment rate.  Pine bark alone had an increased 

temperature on the south wall compared to clay, whereas clay had an elevated 

temperature on the north wall (Table 5).  The south wall substrate temperature at 

1400 HR EST was ≤ 40 °C when mineral amendment rate was > 12%.  The 

substrate temperature difference between the north and the south wall decreased 

from 9 to 3 °C with increasing clay amendment rate (Table 5).  This may illustrate 

the temperature buffering capacity of clay amended substrate which is most likely a 

function of the 13% increase in container capacity (Owen, 2006).  By 1700 HR EST, 

the substrate temperature on the north wall of the container had equilibrated at an 

average temperature of 37 °C regardless of clay amendment rate.  At 1700 HR EST, 

only the substrate amended with 20% clay had a south wall temperature < 40 °C 

(Table 5).  Martin and Ingram, (1988) stated that increased substrate temperature 

resulted in decreased Pn, gs, and root growth that led to less top growth as 

measured by plant caliper and height.  Yeager et al., (1991) reported a linear decline 

in root and top dry weight as substrate temperature increased from 28 to 40 °C.  

This loss of growth may be contributed to lower N in the substrate solution because 

of increased nitrification (Walden and Wright, 1995) or decreased root cell 

membrane composure (Ingram, 1986).  Thus, decreased substrate temperature on 

the south wall of the container could have a positive effect on plant growth. 

Effluent N and P content.  Increasing clay amendment rate resulted in a linear 

decrease of up to 50% in both daily mean NO3-N effluent concentration (2.7 mg L-1) 
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and content (0.8 mg) (Table 6).  Ammoniacal-N daily mean effluent content 

decreased 67% (0.2 mg) when any rate of clay (8% to 20%) was used to amend 

pine bark, whereas, daily mean effluent concentration decreased linearly by 77% 

from 0.9 to 0.2 mg L-1 with increasing rate of clay.  However, at clay additions ≥ 12%, 

mean daily concentration remained constant at 0.2 mg L-1.  Daily effluent 

concentration for both NO3-N and NH4-N was greatest from approximately 40 to 75 

DAI (8 July to 12 Aug. 2003) in a 0% clay amended substrate (Fig. 2).  Nitrate-N 

effluent concentration exceeded United States Environmental Protection Agency 

(USEPA) maximum contaminant level (MCL) of 10 mg L-1 on 21 out of 124 days with 

a pine bark only substrate (0%).  In substrates amended with 12% and 20% clay 

USEPA MCL of 10 mg L-1 was exceeded ≤ 3 days and concentrations decreased 

rapidly after approximately 65 DAI (2 Aug.  2003).  Daily effluent NH4-N 

concentration remain at approximately 0 mg L-1 in clay amended substrates, 

however in a pine bark only substrate (0%) NH4-N concentration followed a similar 

trend as NO3-N effluent concentration but remained lower (Fig 2A). 

 Nitrate-N and NH4-N daily effluent concentration increased approximately 50 

DAI resulting in a greater rate of cumulative total N at 0% amendment rate from 

approximately 45 to 100 DAI (13 July to 6 Sept. 2003) (Fig. 3A).  Beyond 100 DAI (6 

Sept. 2003), cumulative total N (NO3-N + NH4-N) effluent rate plateaued.  Total 

effluent NO3-N and NH4-N decreased linearly by 55% (18 mg) and 77% (17 mg), 

respectively, with increasing clay amendment rate (Table 7).  When substrates were 

amended with clay (8 to 20%), total effluent N decreased 35 mg (63%) (Table 7).  

Total N remaining in the fertilized substrate at 122 DAI, in which the plants grew 
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(mean of total N = 241 mg ± 1 SE) and total N remaining in the fertilizer prills (mean 

= 1,920 mg ± 58 SE) were unaffected by treatment (Table 7).  The fallow, unfertilized 

substrate NO3-N content decreased linearly by 33% (20 mg) with increasing clay 

amendment rate, while NH4-N increased curvilinearly with increasing amendment 

rate with the maximum (416 mg) occurring at 9% (by vol.) clay amendment rate.  An 

average of 4,505 mg ±194 SE of total N was recovered accounting for 44% of the 

10.2 g applied.  Treatment did not affect NUE (mean = 32% ± 1 SE). 

 The decrease in effluent N concentration and content when the substrate was 

amended with clay may be a result of NH4-N being bound in the zeolitic pores of 

palygorskite.  Brocshat (2001; and references therein) hypothesized that NH4-N and 

K could be retained by acicular pores within zeolite.  These micropores prevent 

bacteria from reaching and nitrifying NH4-N (Brocshat, 2001).  This could also be the 

case for palygorskite clays that have similar channels and crystalline architecture.  

Another possibility is that NH4-N is fixed to the bentonite fraction of the clay where it 

is retained as an interlayer cation and competes with K for the same exchange sites 

(Fig. 7) (Mengel and Kirkby, 2001).  Fixed NH4 is not nitrified and is unavailable to 

the plant (Mengel and Kirkby, 2001; Havlin et al., 1999).  Thus, fixed NH4 acts as a 

labile source of N which decreases in spring and summer due to increased plant 

absorption.   

 Daily effluent content and concentration of DRP increased 1- (0.4 mg) and 2-

fold (0.9 mg L-1), respectively, when the palygorskite-betonite industrial aggregate 

was used to amended pine bark (8% to 20%) versus an unamended pine bark (0%) 

(Table 6). The cumulative effluent DRP rate of loss was relatively constant in a non-
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amended pine bark substrate (0%) from 0 to 122 DAI (30 May to 30 Sept. 2003), 

however, at approximately 75 DAI (12 Aug. 2003) cumulative effluent DRP rate 

increased when the substrate was amended with clay until approximately 110 DAI 

(16 Sept. 2003) (Fig 3B).  Total effluent DRP content for 122 days increased 

curvilinearly with increasing clay amendment rate, however the main difference 

occurred between clay amended and unamended substrate (Table 8).  As clay 

amendment increased from 8% to 20% total effluent P decreased by 14% (9 mg).  

This increase in total effluent DRP was most likely a result of the 1.2-fold (375 mg) 

linear increase in the unfertilized, fallow substrate DRP content with increasing clay 

rate.  Phosphorus remaining in the fertilized substrate had a quadratic response to 

increasing clay rate with the maximum (988 mg) occurring when pine bark was 

amended with 10% clay (Table 8).  Recovered P and PUE responded curvilinearly to 

increasing clay rate with the maximum occurring at 12% (by vol.) for both recovered 

P (1,210 mg) and PUE (44%).  Phosphorus remaining in the fertilizer prills was 

unaffected by treatment and contained 21% (mean = 275 mg 18 SE) of the applied P 

122 DAI (30 Sept. 2003). 

Phosphorus K-XANES analysis.  Mineral P species associated with the clay 

aggregate were investigated using phosphorus K-edge XANES spectroscopy.  This 

methodology has been shown to give a greater understanding of P release by 

determining the specific chemical forms of P.  Beauchemin et al. (2003) has used 

this method effectively to identify various soil P species and minerals in soil, 

respectively.   
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 Spectra taken in 2003 and 2004 diluted in BN or petrolatum were similar (Fig. 

4).  White line peaks determined by variscite were unaffected (E0 = 2151.7 eV) by 

year ran or diluents used on samples (data not presented).  Spectra revealed post-

edge shoulders on the white line peak at approximately 5 eV (relative energy), which 

is characteristic of calcium-phosphate minerals.  Beauchemin et al. (2003) reported 

crystalline Ca-P minerals have unique spectra allowing them to be identified using P 

K-XANES spectroscopy.  Results of linear combination fitting of XANES spectra 

between -10 and 30 eV (relative energy) using standards shown in Figure 4 

confirmed that RVM and LVM mineral samples containted 75 to 85 mol percent of 

total P as hydroxyapatite (Table 9).  Stacked spectra shown in Figure 5 compare 

variscite, P-ferrihydrite, and Ca-phosphate standards to RVM and LVM mineral 

samples.  The similar post edge features (0 to 12 eV relative energy) of the LVM and 

RVM mineral samples to hydroxyapatite are apparent, however peak intensity is 

greater in LVM and RVM samples than in Ca-phosphate minerals.  This peak 

intensity is typical of P adsorbed on minerals (Khare et al., 2004), which is illustrated 

in Figure 5 by P-ferrihydrite.  To properly determine the Fe-P adsorbed or mineral 

species, further fitting in the pre edge region with greater number of spectra from Fe 

containing samples (goethite) would need to be preformed (Khare et al. 2005).  

Regardless of the specific Fe-P adsorbed species, 20 to 25 mol % of P associated 

with the LVM and RVM samples, respectively, was absorbed to Fe as determined by 

linear combination fitting (Table 9).    

 In the presence of water, dissolution of hydroxyapatie produces three 

phosphates as seen in equation [5] (Lindsay, 1979).  Hydroxyapatite dissolution  
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(aq)2
-
4(aq)2

2
(aq)(aq)(s)345 OH  PO3H  5Ca   7Hatite)(hydroxyap OH)(POCa ++→←+ ++  [5] 

is most likely occurs because of removal of aqueous products (Ca and P) from daily 

leaching and plant absorption.  Protons exuded from the root may also increase 

hydoxyapatite dissolution, however Hissisinger and Gilkes (1997) reported this 

occurred only within the rhizosphere (1 mm for the root).  It should be noted the 

effect of root acidification on hydroxyapatite dissolution might be greater in 

containerized crop production because a greater amount of substrate is exploited 

due to the limited root volume.  The authors hypothesize that in containerized crop 

production, hydroxyapatite would be a labile source of PO4 and therefore the source 

of the increased effluent DRP content and concentration observed when pine bark is 

amended (8% to 20%) versus unamended (0%) with clay (Table 6 and 7) 

 The Fe adsorbed P has been reported to act as a non-labile source of P 

(Mengel and Kirkby, 2001).  Plants have demonstrated P deficiency symptoms and 

lower P plant content when P adsorbed to goethite or boehmite is used as a P 

source for plant uptake (Hissisinger and Gilkes, 1997; He et al., 1994).  However, 

plants were able to adsorb P from, Fe-P adsorbed surface, but not at an adequate 

rate.  The authors hypothesize that in containerized crop production Fe-P would be a 

non-labile source of P and therefore possibly the result of decreased effluent DRP 

content and concentration observed with increasing clay amendment rate (8% to 

20%) in Table 6. 

 A clay amendment rate of ≥ 11% maximized plant growth (122 DAI), Pn, gs, 

and WUEP which may be due to the increased plant P, K, Ca, and Mg nutrient 
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content and increases AW when a substrate is amended with clay.  Contrary to 

previous studies, P and total N concentration and content increased and decreased, 

respectively, when pine bark was amended with a LVM palygorskite-bentonite clay 

aggregate.  Though the product is physically reproducible, chemical variation can 

occur.  Therefore, we suggest that extractable nutrient analysis be conducted on the 

aggregate lot so management practices can be altered to apply proper amounts of 

nutrients.  For example, with an abundant amount of hydroxyapatite being added 

with the aggregate, sufficient plant P may be provided.  Therefore, no fertilizer P 

may needed.  Regardless of nutrient management practices, a clay addition to a 

pine bark substrate will improve the edaphic environment by increasing water and 

nutrient buffering capacity. 
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Table 1.  The effect of 0.25 to 0.85 mm Georgiana interstratified palygorskite bentonite industrial mineral aggregate 
amendment rate in pine bark substrate on root and top dry mass (n = 3) of Skoghom cotoneaster harvested 124, 208, and 
314 days after experiment initiation. 
    
 Mineral 124 DAI (30 Sept.) 208 DAI (23 Dec.) 314 DAI (6 Apr.) 
 amendment  
 rate (% vol.) Root Top Root:topz Root Top Root:top  Root Top Root:top 
  (g)  (g)  (g) 
    
 0 27 225 0.12 cy 141 371 0.38 a 89 449 0.20 b 
 8 29 263 0.11 c 147 460 0.32 a 95 530 0.18 b 
 12 34 297 0.13 c 103 407 0.25 a 98 542 0.18 b 
 16 33 282 0.15 b 115 400 0.29 a 92 548 0.17 b 
 20 28 253 0.12 c 118 439 0.27 a 101 549 0.18 b 
   
 Linear NS NS NS * NS *** NS *** NS 
 Quadratic NS ** NS NS NS NS NS * NS 
   
 0% vs 8% to 20%x NS ** NS NS *** *** NS *** NS 
 0% vs 8%,12% NS ** NS NS *** *** NS *** NS 
 0% vs 16%, 20% NS * NS * *** *** NS *** NS 
   
NS, *,**, ***Nonsignificant or significant at  P ≤ 0.10, 0.05, 0.01, respectively.     
zRoot : top =  root dry weight ÷ top dry weight. 
yAny means within a row for root : top ratio not followed by the same letter are significantly different as determined by 
Fishers LSD, P = 0.05. 

xA priori orthogonal contrasts.  
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Table 2.  The effect of 0.25 to 0.85 mm Georgiana interstratified palygorskite 
bentonite industrial mineral aggregate amendment rate in pine bark substrate on 
total (root + top) mineral nutrient content (n = 3) of Skoghom cotoneaster 122 days 
after application of 60g of 17N-2.2P-8.3K controlled release fertilizer containing 360 
mg Mg, 150 mg Mn and 720 mg Fe. 
    
 Mineral Total plant elemental nutrient contentz (mg) 
 amendment   
 rate (% vol.) P K Ca Mg Mn Fe 
  
 0 298z 2,330 1,302 500 38 14 
 8 453 2,755 1,157 635 36 18  
 12 465 2,846 1,681 690 36 21 
 16 445 2,883 1,738 712 35 22 
 20 424 2,724 1,548 656 32 16  
 
  Linear ** ** ** *** ** NS  
  Quadratic *** *** * ** NS ** 
 
  R2 0.99y 0.99 0.66 0.83 0.93 0.87 
 
NS, *,**, ***Nonsignificant or significant at P ≤ 0.10, 0.05, 0.01, respectively. 
zTotal plant elemental nutrient content = (elemental concentration of root x weight of 
root) + (elemental concentration of top x weight of top), based on elemental analysis 
provided by the North Carolina Department of Agriculture, Agronomic Division. 
yR2 of given means for most significant linear trend with best fit. 
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Table 3.  The effect of 0.25 to 0.85 mm Georgiana interstratified palygorskite 
bentonite industrial mineral aggregate amendment rate in pine bark substrate on 
mean (n = 3) influent volume, water retention, leaching fraction (LF), and water use 
efficiency of productivity (WUEP) when growing Skogholm cotoneaster 122 days in 
14 L containers with cyclic micro-irrigation applied at 1200, 1500, and 1800 HR EST 
daily. All treatments received 550 mm rain. 
    
 Mineral Influent (L) Retained (L)   
 amendment      WUEP

u 
 rate (% vol.) Dailyz Totaly Dailyx Totalw LFv (ml g-1) 
  
 0 1.5y 121 1.3 98 0.19 390 
 8 1.6 124 1.3 103 0.18 350 
 12 1.7 129 1.4 107 0.17 330 
 16 1.6 125 1.3 103 0.18 330 
 20 1.6 128 1.4 105 0.19 380 
 
  Linear * * * * NS NS 
  Quadratic NS NS NS NS ** * 
  
 0% vs 8% to 20%t  ** ** ** ** NS * 
 0% vs 8%,12%  * * ** ** * * 
 0% vs 16%, 20%  * * * * NS NS 
 
NS, *,**, ***Nonsignificant or significant at P ≤ 0.10, 0.05, 0.01, respectively. 
zInfluent volume averaged for the entire 122 days. 
yTotal influent volume = ∑(daily influent volume) 
xDaily retained (water) = ∑( daily influent) – ∑( daily effluent) for the entire 122 days. 
wTotal retained (water) = ∑( daily influent) – ∑( daily effluent), averaged for the entire 
122 days. 

vLeaching fraction = effluent volume ÷ influent volume, averaged for the entire 122 
days. 

uWater use efficiency of productivity = ∑(retained) ÷ (top dry mass + root dry mass) 
tA priori orthogonal contrasts. 
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Table 4.  The effect of 0.25 to 0.85 mm Georgiana interstratified palygorskite bentonite industrial mineral aggregate 
amendment rate in pine bark substrate on substrate solution pH (n = 3) collected periodically for 23 weeks after 
experiment initiation. 
    
 Mineral  Weeks after experiment initiation  
 amendment   
 rate (% vol.) 1 4 7 10 13 16 19 23 
  
 0 5.2 cz 6.0 b 6.7 a 5.9 b 5.8 b 4.9 c 5.0 c 4.7 c 
 8  5.3 de 6.2 b 6.8 a 6.4 ab 6.2 b 6.1 bc 5.7 cd 5.2 e 
 12 5.4 e 6.1 cd 6.8 a 6.3 bc 6.5 b 6.3 bc 5.9 d 5.9 d 
 16 5.5 e 6.1 cd 6.8 a 6.3 bc 6.4 b 6.2 bc 5.9 d 6.0 d 
 20 5.5 e 6.1 d 6.8 a 6.5 b 6.4 bc 6.4 b 6.1 d 6.2 cd 
    
 Irrigation water 7.6 8.2 9.2 7.5 7.9 7.1 7.3 7.2 
 
 Linear *** NS NS *** *** **** **** **** 
 Quadratic NS NS NS NS ** **** NS NS 
   
 0% vs 8% to 20%y * * NS *** *** **** **** **** 
 0% vs 8%,12% NS NS NS *** *** **** *** *** 
 0% vs 16%, 20% ** NS NS *** *** **** **** **** 
   
NS, *,**, ***, ****Nonsignificant or significant at  P ≤ 0.10, 0.05, 0.01, 0.001, respectively.     
zAny means within a row (amendment rate) not followed by the same letter are significantly different as determined by 
Fishers LSD, P = 0.05. 

yA priori orthogonal contrasts. 
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Table 5.  The effect of 0.25 to 0.85 mm Georgiana interstratified palygorskite bentonite industrial mineral aggregate 
amendment rate in pine bark substrate on mean substrate temperature (n = 9) approximately 13 cm below the 
substrate surface and approximately 3 cm from the south and north wall.  Means were pooled across 3 days (26 to 28 
Aug  2003; 89 to 91 DAI).  
    
 Mineral 0800 HR 1100 HR 1400 HR 1700 HR 
 amendment   
 rate (% vol.) South North South North South North South North 
  
 0 24.8 24.9 33.3 28.9 42.7 33.7 41.6 36.4 
 8  24.8 25.1 33.6 29.4 42.8 34.5 41.7 36.8 
 12 24.9 25.1 33.5 30.9 42.8 35.8 42.3 36.9 
 16 25.0 25.1 32.4 30.6 39.7 35.6 40.7 36.8 
 20 25.2 25.1 30.8 29.9 37.9 34.7 39.7 36.8 
    
Air temperature(°C) 24.7 30.0 32.4  32.6 
      
PARy (umol s-1 m-2) 457 1,504 1,334  643  
 
 Linear NS NS ** * *** ** * NS 
 Quadratic NS NS * NS ** * * NS 
   
 0% vs 8% to 20%x NS NS NS ** NS ** NS NS 
 0% vs 8%,12% NS NS NS * NS ** NS NS 
 0% vs 16%, 20% NS NS * * *** ** NS NS 
   
NS, *,**, ***Nonsignificant or significant at  P ≤ 0.10, 0.05, 0.01, respectively.     
yPhotosynthetic active radiation (400 to 700 nm visible spectrum) 
xA priori orthogonal contrasts.
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Table 6.  The effect of 0.25 to 0.85 mm Georgiana interstratified palygorskite 
bentonite industrial mineral aggregate amendment rate in pine bark substrate on 
mean daily mineral nutrient effluent content and concentration over 122 DAI while 
growing Skogholm cotoneaster with 60g 17N-2.2P-8.3K controlled release fertilizer 
surface applied. 
    
 Mineral Nitrate-N Ammoniacal-N  Dissolved reactive P 
 amendment   
 rate (% vol.) content concn.. content concn. content concn. 
  (mg) (mg L-1) (mg) (mg L-1) (mg) (mg L-1) 
  
 0 1.6z 5.4y 0.3 0.9 0.2 0.7 
 8 1.0 3.5 0.1 0.4 0.7 1.8 
 12 0.9 3.2 0.1 0.2 0.6 1.6 
 16 1.0 3.6 0.1 0.2 0.6 1.6 
 20 0.8 2.7 0.1 0.2 0.6 1.5 
  
 SE 0.1x 0.2 < 0.0  < 0.0 < 0.0 < 0.0 
 
  Linear **** **** **** **** **** ****  
  Quadratic ** **** *** **** **** **** 
   
  R2 0.88w 0.89 0.98 0.99 0.93 0.95 
 
NS, *,**, ***,****Nonsignificant or significant at P ≤ 0.10, 0.05, 0.01, 0.001, respectively. 
zEffluent elemental nutrient content = daily elemental concentration (mg L-1) x daily 
effluent volume (L), based on n = 267. 

yEffluent elemental nutrient concentration for each mineral amendment rate is based 
on n = 345. 

xStandard error given is for all treatments within a column. 
wR2 of given means for most significant linear trend with best fit. 
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Table 7.  A partition of elemental nitrogen (N) (n = 3) for Skogholm cotoneaster grown 122 days in pine bark substrates 
amended with five rates of a Georgiana bentonite-palygorksite clay mineral aggregate.  Each container had 10.2 g  
elemental N (4.6 g NO3-N and 5.6 NH4-N) applied and irrigation water contributed an additional approximately 5 mg and 
16 mg of elemental N in the nitrate or ammoniacal form, respectively.  
 
.
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Table 7.  continued 
                
 Elemental N  Mineral amendment rate (% vol.)  Significance 

partition 
 (mg) 0 8 12 16 20 Linear Quadratic 
     
 Effluent contentz        
  NO3-N 33 20 18 19 15 **** NS 
  NH4-N 22 10 4 5 5 **** **** 
   
 Cotoneaster 
  Root  109 117 95 111 83 NS NS 
  Top 2,609 2,431 2,661 2,464 2,704 NS NS 
  
 Fertilized substratey        
  NO3-N 80 65 65 65 95 NS NS 
  NH4-N 222 262 223 165 131 NS NS 
  
 Fallow substratey        
  NO3-N 60 50 45 45 40 **** **** 
  NH4-N 240 360 479 257 137 NS **** 
 
 Fertilizer prill        
  NO3-N 378 356 406 380 403 NS NS 
  NH4-N 1,607 1,366 1,632 1,480 1,591 NS NS 
 
 N use efficiencyx (%) 33 30 34 31 34 NS NS 
 
 Recovered 
 Nitrogenw 4,739 4,197 4,559 4,367 4,828 NS NS 
 Percentv 46 41 45 43 47 NS NS 
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Table 7. continued 
   

z∑[effluent N concentration (mg L-1) x effluent volume (L)] for the entire 122 days. 
yDetermined by a 1 : 1.5 water extract. 
xN use efficiency = {Plant N (mg) ÷ [ N applied (mg) - N remaining in fertilizer prill (mg)]} x 100.  
wRecovered N = [effluent (mg) + plant (mg) + substrate (mg) + fertilizer prill (mg)]. – [fallow (mg) + irrigation (mg)]. 
vPercent recovered N = [Recovered (mg) ÷ applied (mg)] x 100. 
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Table 8.  A partition of phosphorus (P) (n = 3) for Skogholm cotoneaster grown 122 days in pine bark substrate amended 
with five rates of a Georgiana bentonite-palygorksite clay mineral aggregate.  Each container had 1.3 g elemental P 
applied and irrigation water contributed an additional approximately 4 mg P.  
  
 Elemental P  Mineral amendment rate (% vol.)  Significance 

partition 
 (mg) 0 8 12 16 20 Linear Quadratic 
     
 Effluent content z 23 62 55 55 53 *** **** 
  
 Cotoneaster        
  Root  28 45 51 50 46 *** **** 
  Top 270 408 414 395 378 ** **** 
  
 Substratey 
  Fertilized 706 963 970 948 735 NS *** 
  Fallow 309 617 573 684 684 **** **** 
 
 Fertilizer prill 334 255 297 227 264 NS NS 
 
 P use efficiency x (%) 31 44 46 41 41 * ** 
 Recovered  
 Phosphorusw 1,048 1,112 1,210 987 788 NS **
 Percentv 80 85 92 75 60 NS ** 
 
NS, *,**, ***, ****Nonsignificant or significant at  P ≤ 0.10, 0.05, 0.01, 0.001, respectively. 
z∑[effluent P concentration (mg L-1) x effluent volume (L)] for the entire 122 days. 
yDetermined by a 1 : 1.5 water extract. 
xP use efficiency = {Plant P (mg) ÷ [ P applied (mg) - P remaining in fertilizer prill (mg)]} x 100.  
wRecovered P = [effluent (mg) + plant (mg) + substrate (mg) + fertilizer prill (mg)]. – [fallow (mg) + irrigation (mg)]. 
vPercent recovered P = [Recovered (mg) ÷ applied (mg)] x 100.
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Table 9.  Linear combination fitting results for the white-line and post edge region (-
10 to 30 eV relative energy) of XANES spectra.  Data show best fits of a Georgiana 
interstratified palygorskite bentonite industrial mineral aggregate classified as a low 
(LVM) or regular volatile material (RVM) using weighted combinations of standards 
of phosphate adsorbed on ferrihydrite (1000 mmol kg-1) or apatite, brushite, 
monetite, octacalcium phosphate, and variscite. 
    
  Hydoxyapatite P-ferrihydrite Standard R-factorz  
 Sample (mol %) (mol %) deviaton x 100 
    
 RVM 80y 20 2.7x 2.2 
 LVM 75 25 2.6 1.9 
      
zR-factor = ∑ (data – fit)2 ÷ ∑ (data)2 
yPercentage represent means of the two best fits (lowest R-factors) for each sample, 
where percentages of apatite and P-ferrihydrite were summed. 

xStandard deviations apply to both means. 
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Figure 1.  Net photosysnthesis (Pn, ○) and stomatal 
conductance (gs, ●) between 1245 and 1515 HR EST 
on 26 Aug 2003 (89 DAI) of terminal 5 cm of 
Skogholm cotoneaster stem grown in 14 L 
containers containing pine bark amended with five 
rates of a Georgiana bentonite-palygorksite clay 
mineral aggregate.  Curvelinear response to clay 
amendment rate was fit for Pn (y = 8.92 + 0.53x -
0.03x2, R2 = 0.97) and gs (y = 0.29 + 0.02x -0.001x2, 
R2 = 0.92).  Vertical bars are ± SE. 
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Figure 2.  Daily nitrate (○) and ammonium (●) 
effluent concentration while growing Skogholm 
cotoneaster in pine bark 122 days in a 14 L 
container amended with (A) 0%, (B) 12%, and (C) 
20% 0.25 to 0.85 mm Georgiana bentonite-
palygorksite clay mineral aggregate.
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Figure 3.  Total nitrogen and dissolved reactive 
P (DRP) cumulative effluent content while 
growing a Skogholm cotoneaster in pine bark 
122 days in 14 L container amended with  0%, 
12%, and 20% 0.25 to 0.85 mm Georgiana 
bentonite-palygorksite clay mineral aggregate.
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Figure 4.  Normalized phosphorus K-XANES spectra used to 
determine mineral P forms for a Georgiana interstratified 
palygorskite bentonite industrial mineral aggregate classified as a 
low or regular volatile material.  Spectra for standards of P absorbed 
on ferrihydrite and P containing minerals: variscite, hydroxyapatire, 
monetite, brushite, octacalcium phosphate are included. 
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Figure 5.  Stacked phosphorus P K-XANES spectra (white line 
region) for phosphate standards used for least square fitting of 
Georgiana (GA) interstratified palygorskite bentonite industrial 
mineral aggregate classified as a low (LVM) or regular volatile 
material (RVM).  The adsorbed standard (P ferrihydrite) contained 
P absorbed to ferrihydrite at 1000 mmol kg-1 (pH 6).  The mineral 
standards were variscite or three calcium phosphate minerals:  
hydroxyapatire, monetite, and octacalcium phosphate. 
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Effect of phosphorus rate, leaching fraction, and substrate on plant response, 

influent quantity, and effluent content.  
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Subject Category: Soil (Substrate) Management, Fertilization, & Irrigation 

 

Effect of phosphorus rate, leaching fraction, and substrate on plant response, 

influent quantity, and effluent content. 

 

Additional index words:  clay, Cotoneaster dammeri ‘Skogholm’, irrigation, leachate, 

mineral carriers, pine bark, runoff, sand, water use 

 

Abstract:  Nursery containerized crop production uses high inputs of water and 

nutrients to maximize plant growth to quickly obtain a salable plant, however input 

efficiencies remain below 50% resulting in major amounts of water and nutrients 

leached.  This study was conducted to determine if production factors could be 

altered to increase water and phosphorus use efficiency (PUE) without sacrificing 

plant growth.  The effects of substrate amendment (clay or sand), reduction in 

phosphorus (P) application rate (1.0 g or 0.5 g), and reduction in leaching fraction 

(LF = effluent ÷ influent) (0.1 or 0.2) were investigated.  Cotoneaster dammeri 

Schnied. ‘Skogholm’ was grown on gravel floor effluent collection plots that allowed 

for the calculation of a water and nutrient budget.  In addition, diurnal water flux, as a 

function of weight (container + plant + substrate), was observed using real time 

monitoring if pre-dawn cyclic micro-irrigated plants.  Pine bark amended with 11% 

(by vol.) Georgiana 0.25 to 0.85 mm calcined palygorksite-bentonite clay mineral 

aggregate increased available water 4% when compared to a 11% (by vol.) course 

sand amendment.  Increasing LF from 0.1 to 0.2 increased cumulative container 
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influent 28% and effluent volume approximately 2-fold.  Regardless of LF, water 

application efficiency was maximized as the container system was returned to ≤ 92% 

container capacity via predawn cyclic irrigation.  Water use efficiency and plant 

growth increased if pine bark was amended with clay rather than sand.  Total plant 

dry weight increased 18% when 0.5x versus a 1.0x P rate was applied to plants 

grown in the sand amended substrate.  Plant content of all macro-nutrients, with the 

exception of N, increased when PB was amended with clay versus sand.  Reduction 

of target LF from 0.2 to 0.1 reduced DRP concentration and content by 8% and 64%, 

respectively.  Phosphorus use efficiency increased 54% or 11% in a clay compared 

to a sand amended substrate when P application rate was reduced from 1.0 g to 0.5 

g.  A pine bark amended with 11% (by vol.) 0.25 to 0.85 mm calcined palygorksite-

bentonite clay mineral aggregate can grow an equivalent plant with half of the water 

and P inputs without affecting Skogholm cotoneaster growth.   
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Nutrient management strategies in containerized crop production are based on the 

“Sprengel-Liebig law of the minimum” (Epstein and Bloom, 2004) as noted by Lea-

Cox and Ristvey (2003).  Thus, each nutrient is supplied in quantities greater than 

sufficient to ensure plant growth is not restricted.   The negative impacts (i.e. 

leaching, runoff) of this strategy are more pronounced in containerized crop 

production where nutrient use efficiency is already low because of the relatively inert 

substrates used as a growing medium.  This management strategy needs to be 

reconsidered due to economic and environmental concerns surrounding current 

production practices.  Phosphorus (P) application rate is being investigated because 

excessive leaching or runoff can cause eutrophication, loss of aquatic biota and 

hypoxia (Brady and Weil, 1999).  The US Environmental Protection Agency 

(USEPA) has set water quality criteria for total P maximum concentration to not 

exceed 0.025 mg L-1 within lakes or reservoirs (USEPA, 1986).  Substrate solution P 

concentrations of 5 to 10 mg L-1 are recommended currently by Best Management 

Practices (BMPs) (Yeager et al., 1997).  These rates exceed the USEPA water 

quality criteria approximately 200 to 400-fold.  Under current BMP 

recommendations, P use efficiency (PUE) ranges from 35% to 45% (Lea-Cox and 

Ristvey, 2003; Warren et al., 1995).  Therefore, ≥ 55% of applied P in not utilized by 

the plant while being produced in containerized production.  Management practices 

and infrastructure will need to be adjusted to increase nutrient use efficiency and 

reduce nutrient loss.  Warren and Bilderback (2005) showed that water and nutrient 

use efficiency are directly interrelated.  Unlike nitrogen (N), P leachate and runoff 

were unaffected by P application rate, but were affected by leaching fraction (LF) 
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and P source.  Tyler et al. (1996) decreased effluent P content by 58% when 

growing Cotoneaster dammeri Schnied. ‘Skogholm’ in a pine bark based substrate 

with a low (0.0 to 0.2) versus high (0.4 to 0.6) LF. 

 The use of controlled release fertilizers (CRFs) has increased nutrient use 

efficiency by supplying nutrients corresponding with plant demand and minimizing 

pathways of losses (microbial transformation, soil fixation, leaching), thus decreasing 

environmental impact (Shaviv and Mikkelsen, 1993).  Warren et al. (1995) reported 

resin-coated CRF P resulted in the highest PUE (43%) with a low, constant rate of P 

loss at approximately 1 mg day-1 when Rhododendron ‘Sunglow’ (Carla hybrid) was 

grown in a 3.8 L container using a pine bark-based substrate.  Lea-Cox and Ristvey 

(2003) suggested containerized P application be reduced 80%, thus making the 

optimal substrate solution P concentration ≤ 2 mg L-1 and increasing PUE to 75% 

when adequate N was applied.  This decrease in substrate solution P concentration 

has been reported not to affect plant growth (Lea-Cox and Ristvey, 2003).  

Implementing these suggested P reductions still result in P content and 

concentrations that remain 40 to 80-fold greater than USEPA criteria for public 

surface waters.   

 Current BMP recommendations are, in part, based on research conducted by 

Yeager and Wright (1982) who reported a 23% (1 g) increase in Ilex crenata Thunb. 

‘Helleri’ top dry weight when substrate solution P was increased from 0 to 10 mg L-1.  

The same study also reported that Helleri holly root dry weight was not affected at 

any P concentration.  Groves et al. (1998b) reported that current BMP substrate 

solution P recommendations could not be maintained when irrigating 3.8 L 
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containerized Skogholm cotoneaster with 800 mL day-1, however top and root dry 

weight (Groves et al., 1998a) was maximized at 800 ml day-1 even though observed 

substrate solution P concentrations values fell to as low as 1.8 and 0.1 mg P L-1 at 

60 and 119 DAI of the experiment, respectively.  

 Another approach to reducing P leaching and increasing P uptake efficiency is 

to modify the container substrate in which the plant grows.  Williams and Nelson 

(1997) investigated palygorskite, arcillite or brick chips as precharged sources of P 

in peat : perlite based substrate.  The palygorskite clay sorbed approximately 77% 

more P than the other materials.  In a follow up study, P leachate was reduced by 

amending the substrate with a pre-charged palygorskite (6% P leached) as 

compared to arcillite (18% P leached), brick chips (11% P leached), or a peat : 

perlite medium (37% P leached) (Williams and Nelson, 2000).   In a similar study, 

Zhang et al. (2002) reported aluminum buffered phosphorus (Al-P) as a P source 

decreased effluent P ≥ 60% when compared to resin-coated P applied across four 

tree and shrub species grown in 7.6 L containers with a peat-based substrate.  Our 

objective was to determine the effect of substrate amendment, P application rate, 

and leaching fraction on plant growth, plant mineral nutrient content, water use, and 

effluent P content and concentration when producing a containerized nursery crop in 

a pine bark-based substrate. 
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MATERIALS AND METHODS 

Experimental Design.  The experiment was a 2 (substrate amendment) x 2 (leaching 

fraction) x 2 (P rate) factorial in a randomized complete block design with four 

replications with 10 plants per replication.  The two substrates were pine bark 

amended with a mineral aggregate and coarse, washed builder’s sand at 11% (by 

vol.).  The two leaching fractions were 0.10 and 0.20 and two rates of P were 0.5x 

(0.5 g) and 1.0x (1.0 g).  The mineral aggregate was a 0.25 to 0.85 mm (24/48 

standard U.S. mesh) calcined, low volatile material (LVM) palygorksite-bentonite 

mineral aggregate from Ochlocknee, GA (Oil-Dri Corporation of America, Chicago, 

IL) (Moll and Goss, 1997).  The experiment was conducted from 25 May 2004 to 16 

Sept. 2004 at the Horticulture Field Lab. (lat. 35°47'37'', long. -78°41'59'') located at 

North Carolina State University, Raleigh.   

Water and Nutrient Management.  Rooted stem cuttings of Cotoneaster dammeri 

C.K. Schneid. ‘Skogholm’ were potted into 14 L containers (C-2000, Nursery 

Supplies Inc., Chambersburg, PA) on 15 May 2004.  Containers were topdressed on 

25 May 2004 [0 days after experiment initiation (DAI)] with 54 g 19N-0.9P-6.4K or 

19N-1.8P-6.4K (19-2-8 or 19-4-8 six month controlled-release fertilizer, Harrell’s, 

Lakeland, FL) for the 0.5x (0.5 g) or 1.0x (1.0 g) P application rate, respectively.  The 

1.0x rate also received 3 g of A-Turf (20% Ca filler, Harrell’s, Lakeland, FL) to 

maintain equivalent 1.5 g Ca addition per container. Fertilizer was hand incorporated 

into the surface 3 cm of the substrate.  All substrates were amended with 0.6 kg m-3 

blend of crushed and ground dolomitic limestone [CaMg(CO3)2].  The containers 

were placed on 32 separate plots, ten containers per plot.  Two of the four 
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replications per treatment were placed on effluent collection plots which allowed for 

collection of all effluent leaving each plot.  The remaining two replications were 

placed between the effluent collection plots.  Plots were 8 x 1 m with a 2% slope.  

On the 16 effluent collection plots, effluent was measured daily from irrigation water 

that was applied via pressure compensated spray stakes [Acu-Spray Stick; Wade 

Mfg. Co., Fresno, CA (200 mL min-1)].  Irrigation was applied in a cyclic manner, with 

the irrigation volume divided equally among three applications applied at 0100, 

0300, and 0500 HR EST.  Irrigation volume or influent to maintain a 0.20 or 0.10 

leaching fraction (LF, Eq. [1]) was applied to each plot based on effluent collected in 

the 16 effluent collection plots, where effluent values were monitored daily and  

 
 (mL)  volumeinfluent  

(mL)  volumeeffluent      LF =  [1] 

influent volumes were monitored bi-weekly.  These data were used to determine 

water volume and water use as affected by each treatment.  From these data, water 

application efficiency (WAE, Eq. [2]), time averaged application rate (TAAR, Eq. [3]), 

and water use efficiency of productivity (WUEP, Eq. [4]) were calculated.    

 100 x 
(mL)  volumeinfluent  

(mL)  substrate  in  retained  volume WAE 







=  [2] 

 
(min)  time  duration  napplicatio

(mL)  volumeinfluent   dailyTAAR =  [3] 

 
(g)  weight  dryplant    total

(mL)  substrate  in  retained  volume WUEP =  [4] 

 Real time monitoring of container weight (plant + substrate + container) was 

performed using a Model RL 1042 low profile, two-beam single aluminum point load 
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cell with a 30 kg capacity (± 0.02% error) (Tedea-Huntleigh Inc, Covina, CA).  The 

load cell was mounted between two 15 cm square, 6 mm thick aluminum plates.  

The top surface area was expanded with a 23 cm square, 3 mm thick aluminum 

plate.  The load cells were connected to a CR23X micrologger® via a AM32 

multiplexer (Campbell Scientific, Logan, UT).  Weight was recorded every hour from 

2 Aug. to 6 Sept (69 to 104 DAI).  Beginning on 7 Sept. 2004 (105 DAI), weight was 

recorded every 15 minutes until termination of the experiment. 

Effluent and Substrate Analysis.  An aliquot of the daily collected effluent was 

analyzed colorimetrically using a UV-visible spectrophotometer (Spectronic 1001 

Plus Milton Roy Co., Rochester, NY) for dissolved reactive P (DRP) (Murphy and 

Riley, 1962).  Available substrate total DRP was extracted from the substrate using a 

1 substrate : 1.5 extract (115 cm3 substrate : 175 mL deionized water) (Sonneveld et 

al., 1974).  The extractant was nano-pure water in which the substrate dilution was 

shaken for 1 hr and filtered to 0.45 µm through a syringe driven Millex-HPF HV non-

sterile filter, 0.45 µm, PVDF, 25 mm (Millipore Corp., Billerica, MA).  An aliquot of the 

filtered solution was analyzed on the spectrophotometer.   

 DRP remaining in the fertilizer prills at the end of the study was measured as 

follows.  Nutrients were extracted from the fertilizer prills by blending the prills in 200 

mL deionized water.  After blending, the liquid was quantitatively transferred to a 1 L 

volumetric flask and brought to volume before taking an aliquot of the extractant 

supernatant.  Fertilizer prill extract was filtered and DRP quantified using the 

spectrophotometer as described previously. 
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Crop Response.  At 114 DAI on 16 Sept. 2004, tops from two randomly chosen 

containers per plot (total of eight plants per treatment) were removed from the stude 

and harvested.  Roots were placed over a screen and washed with a high pressure 

water stream to remove substrate.  Tops and roots were dried at 65°C for 5 days 

and weighed. After drying all leaves were removed from one top per replication and 

weighed.  Due to their size, tops (stems + leaves) were ground initially using a Model 

4 bench, 1 HP Wiley Mill® (Thomas Scientific, Swedesboro, NJ) to pass ≤ 6 mm 

sieve.  The ground plant material from the tops and roots were ground separately via 

a Foss Tecator Cyclotec™ 1093 sample mill (Analytical Instruments, LLC, Golden 

Valley, MN) to pass ≤ 0.5 mm sieve.  Roots and tops were analyzed for N, P, K, Ca, 

Mg, S, Fe, Mn, Zn, Cu, B, Mo, and Cl by the North Carolina Department of 

Agriculture, Agronomic Division.  A nutrient budget was developed for each 

treatment to quantify the remaining P (RP) Eq. [5] from the applied CRF; absorbed  

  ) prills  fertilizer    substrate  effluent   (plant (mg)  RP ∑ +++= P  [5] 

by plant, effluent, remaining in the substrate, or remaining in the fertilizer prill.  The 

nutrient budget was used to calculate P use efficiency (PUE, Eq. [6]). 

100  x 
 (mg) P substrate  - (mg) P CRF remaining  - (mg) P applied 

  (mg)  absorbedplant    PUE 







=  [6] 

 To determine if the clay treatments increased the substrate water buffering 

capacity, stomatal conductance (gs), net photosynthesis (Pn), and leaf area were 

measured on one plant from each replication in the AM  (1030 to 1130 HR EST) and 

PM (1530 to 1630 HR EST) on 28 Aug. 2004 (91 DAI) and 21 Sept. 2004 (119 DAI).  

Stomatal conductance and Pn was measured using a portable photosynthesis 
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system containing a LI-6400 open, portable gas exchange system with LI-6400-05 

conifer chamber (LI-COR, Lincoln, NE).  Measurements were conducted on the 

intact terminal 5 cm of stem with approximately 5 fully expanded leaves (6.8 cm2 ± 

0.1 SE) under natural light in which photosynthetic active radiation remained > 1600 

µmol m-2 s-1.  Reference CO2 was set to 400 µmol mol-1.  Vapor pressure deficit 

(VPD) in the AM and PM on 28 Aug. 2004 was 2.98 kPa ± 0.04 SE and 3.52 kPa  ± 

0.08 SE, respectively, whereas, VPD on 21 Sept. 2004 was 2.14 kPa ± 0.01 SE for 

the AM and 3.57 kPa ± 0.01 SE for the PM.  Fully expanded leaves were removed 

from the terminal 20 cm of 5 stems from one top per replication (total of 4 per 

treatment) and leaf area was measured using a LI-3100C Area Meter (LI-COR, 

Lincoln, NE).  Leaves were dried at 65°C for 48 h and weighed.  Leaf area (LAS) and 

leaf dry weights of the subsample were used to calculate specific leaf weight (SLW) 

Eq. [7] and total top leaf area (LAT) Eq. [8].   

 
)(cm  area
(g)  weight  dry SLW  2=         [7] 

 (g)  weight  dry  leaf  topplant    
(g) weight dry
)(cm LA   LA

2
S

T ×











=     [8] 

Total top leaf area was used to calculate entire canopy Pn and gs with 

measurements collected 119 DAI (21 Sept. 2004).  

Substrate Physical Properties.  Ten cylindrical aluminum cores, five 347.5 cm3 and 

five 100 cm3, were placed in four fallow containers of each substrate.  These 

containers were placed adjacent to the plants in the research study and received 

equivalent irrigation and rainfall as the corresponding treatment.  After nine weeks, 
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the 347.5 cm3 cores were extracted and total porosity (TP), container capacity (CC), 

available water capacity (AW), and air filled porosity (AS) were determined using the 

NCSU Porometer™ as described by Fonteno and Bilderback (1993).  Unavailable 

water (UW), water held in the substrate at ≥ 1.5 MPa, was determined with the 100 

cm3 cores via a procedure developed by Milks et al. (1989).  Bulk density was 

determined using oven dried (110°C) substrate in the 347.5 cm3 volume cores. 

Data Analysis.  All data were subjected to analysis of variance procedures (SAS 

Institute, Cary, NC) with P ≤ 0.10 to reduce the risk of a Type II error (Marini, 1999).  

All three-way interactions were not significant and any significant two-way 

interactions are presented in tables and figures.  PROC REG and PROC NLIN were 

used to investigate further the linear and non-linear segmented trends associated 

with water and nutrient data, P ≤ 0.05.  Join points or end points for segmented lines 

are denoted as Xn.  PROC CORR was used to investigate correlations between 

water and nutrient data.  When significant, simple linear and polynomial curves were 

fit to data.  The maximum of the polynomial was calculated as the zero point in a 

first-order derivative of the independent variable.  A polynomial curve was fitted for 

water loss to smooth data.  Residual points were used to calculate the 1st and 2nd 

derivative of water loss (Kaleidagraph, Synergy Software, Reading, PA).  
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RESULTS AND DISCUSSION 

Substrate Physical Properties.  Substrate bulk density increased by 46% (0.11 g cm-

3) when pine bark was amended with sand versus an equivalent voume of clay 

(Table 1).  Container weight (14 L) at saturation was approximately 750 g less (data 

not shown) in clay compared to sand amended substrate.  Our data do not support 

the hypothesis proposed by Carlile and Bedford (1988) that plant stability (blow over) 

should increase with increasing substrate clay content.  We observed no change in 

plant stability (personal observation).  This difference may be a result of source and 

bulk density of the clay mineral used to amend the substrate. 

Carlile and Bedford (1988) investigated a peat-based substrate amended with 

20%, 35%, and 50% (by vol.) calcined clay.  Growth of a wide range of plant species 

increased with increasing substrate clay content.  Carlile and Bedford suggested the 

increased growth was, in part, due to the increased AS in the clay amended peat, 

however, AS was unaffected in this study by clay versus sand amendment in pine 

bark (Table 1).  Clay amendment increased TP 4% when compared to sand 

amendment.  Riviere et al. (1990) showed a similar 4% increase in TP when 

increasing clay content from 4 clay : 1 peat to 6 clay : 1 peat.  This increase in TP 

resulted in a 42% increase in easily AW.  When pine bark was amended with clay, 

AW increased 4% which translated into 0.5 L more AW in a 14 L container than in a 

sand amended substrate.  This is most likely a function of the 6% increase in CC 

(Table 1).  Unavailable water was unaffected by amendment (Table 1).  
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Water Use.  Cumulative container influent volume increased by 35% (26 L) when 

irrigated to maintain a 0.1 versus a 0.2 target LF in a clay amended substrate (Table 

2).  In a sand amended substrate, influent volume increased 31% (21 L) when 

increasing target LF from 0.1 to 0.2.  Substrate water retention averaged over LF 

increased 15% (9 L) if pine bark was amended with clay compared to sand (Table 

2).  Similarly, water retention averaged over substrate increased 16% (10 L) for 0.2 

LF compared to 0.1 LF.  Leaching fraction, averaged over substrate, was 0.11 ± 

0.008 SE and 0.24 ± 0.004 SE when attempting to maintain a 0.1 or 0.2 target LF, 

respectively for the growing season (114 days).  These results are similar to those of 

Tyler et al. (1996) who reported a 44% (19 L) decrease in influent volume when 

growing Skogholm cotoneaster in a 3.8 L container irrigated to maintain a low (0.0 to 

0.2) or high (0.4 to 0.6) target LF for 100 days.  Prior to 75 DAI, effluent rate was 

equivalent (approximately 0.6 L day-1) regardless of treatment.  Irrigation volume 

needed to maintain a 0.1 target LF increased 67% after 75 DAI to approximately 1.0 

L day-1 container-1 (4.2 mL min-1) for both the clay aggregate or sand amended 

substrate (Fig. 1A).  Irrigation volume to maintain a 0.2 target LF ≥ 75 DAI required a 

100% or 133% increase in daily water application in a sand (1.2 L day-1, 5.0 mL min-

1) or clay (1.4 L day-1, 5.8 mL min-1) amended substrate.   

 Mean seasonal LF of sand- (mean = 0.19 L ± 0.2) and clay- (mean = 0.17 L ± 

0.3 SE) amended substrates differed significantly (Table 2).  Cumulative effluent 

volume increased 200% (14 L) in the sand amended substrate and 300% (17 L) in 

the clay  amended substrate when increasing target LF 100% from 0.1 to 0.2 (Fig. 

1B).  Regardless of substrate, a mean daily effluent of approximately 0.06 L day-1 
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was measured for both substrates for the entire study when irrigated to maintain a 

0.1 target LF (Fig. 1B).  Mean daily effluent volume increased 1.5-fold for both 

amednded substrate when irrigated to maintain 0.2 LF compared to a 0.1 target LF 

for the first 75 DAI.  An equivalent trend in daily effluent was seen in which volume 

increased 50% in a sand (0.24 L day-1) or 100% in a clay (0.30 L day-1) amended 

substrate with a 0.2 target LF (Fig. 1B). 

 When maintaining a 0.2 target LF, maximum, CC after daily irrigation 

decreased 0.3% per day, whereas CC decreased 1.4% per day when irrigated with a 

0.1 target LF (Fig. 2).  This demonstrates the diminishing ability to re-hydrate to a 

given CC while remaining efficient with daily water application.  Though the ability to 

recharge to a given CC is diminishing, daily water loss to evapotranspiration is 

equivalent.  Therefore, we theorize that the plant did not undergo additional stress at 

a 0.1 target LF even though CC was never returned to ≤ 95 CC.  Container capacity 

returned to 100% during rain events with the decrease in CC occurring until the next 

rain event.  In lieu of a rain event, containerized substrate may require over applying 

irrigation water in excess of the target LF to return CC to 100%.  Neither LF 

treatment decreased below 60% CC where AW would be depleted.   

 With a 0.1 target LF the first and second irrigation events were applied with 

100% WAE and accounted for 59% of the total water gain (Fig 3A).  During the third 

cycle of irrigation, 152 ml of water was lost to leaching which accounted for 11% of 

the total water applied.  With a 0.2 LF only the first irrigation event was 100% WAE 

and accounted for 76% increase in the total water gain (Fig. 3).  During the second 

and third cycle of irrigation 190 mL and 281 mL of water were lost, respectively, 
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which accounted for 20% of the total water applied.  Water application efficiency 

decreased to 67% or 17% for the third irrigation of the cycle to maintain 0.1 or 0.2 

target LF, respectively.  Decreasing WAE was observed with cyclically applied 

overhead- (Karam and Niemera, 1994a) and micro- irrigation (Lamack et al., 1993) 

and was attributed to a “water-threshhold point” that when exceeded resulted in 

decreased water retention.  Under either LF WAE was maximized (100%) when 

applied irrigation volume returned the system to ≤ 92% CC (Fig. 3B).  Attempting to 

achieve greater CC or applying greater amounts of water within a cycle resulted in a 

large decrease in WAE.  Tyler et al. (1996) reported that macro-pore flow of 

irrigation water through container (4 L) substrate (8 pine bark : 1 sand, by vol.) 

occurred when irrigation was applied at 79% CC (57% AW).  Similarly, Karam and 

Niemiera (1994b) reported that WAE decreased with increasing CC in containerized 

crop production.  Research has shown that returning the substrate to 100% CC is 

not necessary to maintain maximum growth (Warren and Bilderback, 2005). 

 On 11 Sept. 2004 (109 DAI) Skogholm cotoneaster grown in a clay amended 

substrate used 24% (334 mL) more water than when grown in a sand amended 

substrate (Fig. 4A).  This trend in daily water use was observed throughout the 

experiment (data not presented) and is believed to be an illustration of the water 

buffering capacity available in a clay amended substrate versus traditional pine bark 

: sand based substrates.  As calculated by the second derivative, evapotranspiration 

began at approximately 1005 HR and ended at approximately 1800 HR EST, 

whereas daylight hours on 11 Sept. 2004 occurred between 0654 and 1927 HR EST 

(Fig. 4B).  Water loss during active evapotranspiration occurred at a rate of 3.4 and 
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2.7 mL min-1 for a clay versus sand amended substrate, respectively, when growing 

Skogholm cotoneaster (Fig. 4).  This reduced daily water loss of Skogholm 

cotoneaster in a sand amended substrate may be a function of plant stress memory.  

Repeated induced stresses related to the edaphic environment may lead to “stress 

memory” which results in a decline of gs as a protective mechanism against further 

drought induced situations (Goh et al., 2003).  Chaves et al. (2002; and references 

therein) further explained the phenomena as an induced stomatal closure, primarily 

as a result of low soil moisture, that decreases Pn as a stress protection mechanism 

which may lead to a long term decrease in photosynthetic capacity resulting in 

reduced plant growth.  Stomata conductance was 27% greater (P = 0.06, F = 4.17) 

in clay (mean = 0.33 mol m-2 s-1 ± 0.02 SE ) versus sand (mean = 0.26 mol m-2 s-1 ± 

0.02 SE) amended substrate in the morning, however in the afternoon gs was 

equivalent in both substrates (mean = 0.18 mol m-2 s-1 ± 0.02 SE).  The edaphic 

water status is hypothesized to regulate gs via an induced signal (ABA) that occurs 

at species-dependent substrate moisture tensions (Kramer and Boyer, 1995).  

Skogholm cotoneaster gs was greater in the afternoon with a 0.2 LF (mean = 0.20 

mol m-2 s-1 ± 0.02 SE) compared to a 0.1 LF (mean = 0.17 mol m-2 s-1 ± 0.02 SE), 

regardless of substrate.  Total plant leaf area (mean = 104 m2 ± 8 SE) was 

unaffected by treatment (data not presented).  However, plant canopy gs was 58% 

greater in sand amended substrates when grown with a 0.1 LF (mean = 30 mol m-2 

s-1 m-2 ± 3 SE) compared to 0.2 LF (mean = 18 mol m-2 s-1 m-2 ± 2 SE).  This most 

likely was a result of the 27% (25 m2) increase in leaf area when a 0.1 LF was 
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maintained.   Specific leaf weight (mean = 24 g m-2 ± 1 SE) which is a good measure 

of leaf thickness was unaffected by treatment. 

 The hypothesis that a clay amended substrate will increase water buffering 

capacity is supported by Beeson and Haydu (1995) who reported increased growth 

of Acer rubrum L. (red maple), Ulmus alata Michx. (winged elm), Quercus virginiana 

Mill. (live oak) and Lagerstroemia L. ‘Tuscarora’ (crape myrtle) by increasing micro-

irrigation from two irrigation cycles to three cycles for a given irrigation volume or if 

irrigation was applied during the day in contrast to predawn (0600 HR) irrigation.  

Beeson and Haydu (1995) attributed this increase in growth to prevention or 

reduction of plant moisture stress.  Warren and Bilderback, (2002) supported this 

statement by showing irrigation applied in the afternoon (1200, 1500, and 1800 HR 

EST) produced 63% greater Skogholm cotoneaster total dry weight compared to 

plants cyclically irrigated in the morning (0300, 0500, and 0700 HR EST).  Irrigation 

applied in the afternoon also had higher WUEP requiring 450 mL g-1 of plant dry 

weight compared to 550 mL g-1 of plant dry weight for early morning.    

In our study, it is hypothesized that the pinebark amended with clay reduced 

water stress, resulting in a 15% increase in WUEP versus pine bark amended with 

sand.  Pine bark amended with clay required 298 mL g-1 ± 10 SE and the sand 

amended substrate required 341 mL g-1 ± 12 SE.  Leaching fraction did not affect 

WUEP in this study (data not presented), however WUEP has been shown to 

increase with decreasing LF (Tyler et al, 1996; Ku and Hershey, 1992).  

Plant Carbon Allocation.  Total dry weight (top + root) of Skogholm cotoneaster 

(mean = 211 g ± 7 SE) was unaffected by target LF.  Total plant dry weight 



 

 

206

significantly decreased when 0.5 g P was applied to plants grown in a sand 

amended substrate compared to 1.0 g P (Table 3) whereas, total plant dry weight 

was unaffected by P application rate when grown in a clay amended substrate.  

Tyler et al. (1996) reported a 29% (28 g) decrease in total plant dry weight of 

Skogholm cotoneaster grown in pine bark : sand when N, P, and K rate were 

decreased 50%.  This reduction in growth may be due to limited P in a pine bark-

based substrate when less than optimal P rate is applied.   

 Root : top ratio in our study was  not affected by P rate in a sand substrate.  

Thus, carbon allocation between top and root was unaffected by P rate.  In the clay 

substrate root : top ratio decreased from 0.21 to 0.16 when P rate was increased 

from 0.5 g to 1.0 g, suggesting that carbon allocation favored top growth (Table 3).  

The decrease in root : top ratio resulted from a 34% increase (11 g) in root dry 

weight (data not presented) when grown with 0.5 g P compared to 1.0 g P.  This 

higher root weight at 0.5x P rate could have been a result of less available P and 

greater root exploration due to less than optimal edaphic conditions (e.g. water and 

nutrients) (Brouwer, 1962).  Thus, plants grown in sand required more proportional 

root growth to top growth for water and nutrient acquisition at 1.0 g P (Fritter and 

Hay, 2002).  This is most likely is a result of either “stress memory” (Chaves et al., 

2002) or limited by nutrient availability (Brouwer, 1962).  However, Pn was 

unaffected in either treatment whether measured in the morning (mean = 14.2 µmol 

CO2 m-2 s-2 ± 1.2 SE) or afternoon (mean = 11.6 µmol CO2 m-2 s-2 ± 2.2 SE).  

Plant Nutrient Allocation.  Top and root mineral nutrient content of all macro-

nutrients (P, K, Ca, Mg), with the exception of N, increased when pine bark was 
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amended with clay versus sand amended substrate (Table 4).  Phosphorus content 

increased approximately 1-fold in both the root (25 mg) and top (139 mg).  This 

increase in substrate P solution concentration could be a result of increased 

substrate anion exchange capacity (AEC) when amended with clay containing 

palygorskite.  We theorize that AEC may be greater in palygorskite due to having 

28% to 59% of the octahedral sites and ≤ 11% of the tetrahedral sites filled with Al 

(Singer, 1988; an references therein) that are exposed as edge groups.  Iron may 

also contribute to P sorption since the Georgiana palygorskite-bentonite mineral 

contributed approximately 40 g Fe (personal communication, Oil Dri Inc.) to a 

container, however it is unknown what portion of this Fe is exposed.  Both, Al- or Fe-

oxide minerals could result in surface bound phosphate (≡M-OPO3H2; Essington, 

2004).  In addition to this phenomenon, dissolution of Ca-phosphate minerals 

present in the mineral aggregate may contribute to available P.  X-ray absorption 

near edge surface (XANES) spectroscopy has shown that the main P species 

associated with the mineral aggregate likely as hydroxyapatite [Ca4H(PO)4•2.5 H2O] 

(Owen, 2006), which could be a readily available, labile source of P. 

 Potassium, Ca, Mg, and S content in the plant top increased by 38% (569 

mg), 48% (534 mg), 54% (203 mg) and 21% (23 mg) when the substrate was 

amended with clay versus sand, respectively (Table 4).  Root content of K, Ca, Mg, 

and S was similar.  Micronutrient content (Fe, Mn and B) of Skogholm cotoneaster 

tops also increased 50% (6 mg), 32% (8 mg) and 26% (1 mg), respectively, when 

grown in clay amended substrate (Table 4).  Increased mineral nutrient uptake could 

be a result of improved cation retention in the clay versus sand amended substrate.  
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Laiche and Nash (1990) reported increased extractable Na and Ca with 

incorporation of arcillite into a pine bark substrate.  Warren and Bilderback (1992) 

also hypothesized that increased growth of Rhododendron (Carla hybrid) ‘Sunglow’ 

with calcined clay (arcillite) amended pine bark was the result of more K and Mg 

plant absorption.  This increase in cation content could also be a function of 

substrate nutrient buffering capacity.  Palygorskite and montmorillonite have a cation 

exchange capacity (CEC) of ≤ 30 cmolc kg-1 (Tan, 1998) and approximately 115 

cmolc kg-1, respectively (Borchardt, 1998).   

 Increasing the target LF from 0.1 to 0.2 resulted in an 18% (37 mg) and 22% 

(11 mg) decrease in K and S root content (Table 5).  This decrease in K and S plant 

content was most likely a function of decreased nutrient availability due to leaching.  

Both ions (K and S) are mobile in similar sandy soil systems where the cation (K+) 

and anion (SO4
2-) are subject to leaching because of their low to moderate affinity for 

exchange sites on clay minerals (Havlin et al., 1999).   

 Application rate of P affected plant top mineral nutrient content of N, P, K, and 

B.  When P application was decreased from 1.0 g to 0.5 g; N, P, K, and B decreased 

22% (487 mg), 11% (23 mg), 10% (191 mg), and 11% (0.5 mg), respectively (Table 

5).  A reduction in available P could have limited plant growth, thus lowering 

Skogholm cotoneaster nutrient demand.   

Effluent Phosphorus.  Reducing P application rate from 1.0 g to 0.5 g did not affect 

DRP effluent concentration over 114 days (mean = 0.8 mg L-1 ± 0.02 SE) (data not 

presented).  Tyler et al. (1996) also reported decreasing fertilizer application rate as 

an ineffective means of decreasing effluent P content.  In contrast, reducing target 



 

 

209

LF from 0.2 to 0.1 reduced mean DRP effluent concentration 8% (0.1 mg L-1) (data 

not presented).  DRP effluent concentration increased 58% in a clay (1.0 mg L-1 ± 

0.02 SE) versus sand (0.6 mg L-1 ± 0.02 SE) amended substrate over the course of 

the study (Fig. 5).  Daily effluent DRP concentration remained notably constant at 

1.0 mg L-1 after 60 DAI in clay amended substrates; however sand amended 

substrate DRP concentration decreased from 0.9 to 0.2 mg L-1 from 60 to 100 DAI.  

The decrease in effluent DRP concentration shown in Figure 5 is hypothesized to be 

a result of decreased P release from the CRF.  This decreased P release from the 

CRF is also believed to occur in the clay amended substrate, however, we speculate 

that apatite or Al- and Fe-sorbed P was released to maintain P concentration in the 

bulk solution of the clay amended substrate.  

 Cumulative effluent DRP decreased approximately 60% when irrigated to 

maintain a 0.1 LF versus 0.2 LF regardless of substrate (Table 6).  Effluent from the 

clay amended substrate contained 75% (3 mg) to 90% (10 mg) more DRP than the 

sand amended substrate with a 0.1 or 0.2 target LF, respectively.  Effluent DRP 

content was strongly correlated with leachate volume (r = 0.73, p ≤ 0.0001).  These 

results are similar to the 58% decrease in effluent reported by Tyler et al. (1996) 

when growing Skogholm cotoneaster in 3.8 L containers with a low (0.0 to 0.4) 

versus high (0.4 to 0.6) LF.   

 The rate of effluent DRP loss remained constant at 0.1 target LF (0.04 mg  

day-1) regardless of substrate until 58 DAI (Fig. 6).  Similarly, until 58 DAI when a 0.2 

target LF was maintained the rate of effluent DRP increased 1-fold to an average 0.9 

mg day-1 regardless of substrate.  Atmospheric changes (i.e. irradiance, 
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temperature) and rain events associated with southeastern tropical storms and 

hurricanes resulted in approximately 3-fold increase in rate of effluent lost between 

58 to 71 DAI (22 to 29 July) and a loss of data from  65 to 71 DAI (29 July to 4 Aug) 

in all treatments (Fig. 6).  Rate of DRP loss at 71 DAI were equivalent to 54 DAI in a 

sand amended substrate.  However ≥ 71 DAI, in a clay amended substrate effluent 

DRP loss was 50% to 180% greater when a 0.1 or 0.2 target LF was maintained 

than in a sand amended substrate.  This increase in effluent DRP content could be 

due to desorbed or dissolved P from the Fe- or Al-oxides or apatite.  This would 

result in a substrate-solution chemical equilibrium producing a higher substrate 

solution P concentration, which was reflected in the higher effluent P concentration 

(1 mg L-1).  The P could be native to the mineral or sorbed to the mineral when P 

was applied to the system.  Regardless of effluent content or concentration, PUE 

was significantly greater in clay versus sand amended substrate whether irrigated to 

maintain a 0.1 or 0.2 target LF (Table 6).  A reduction in P application rate from 1.0 

to 0.5 g increased PUE 54% in a clay amended substrate, however the reduction in 

P application rate was less effective in a sand amended substrate where PUE 

increased 11% (Table 6).  Shariatmadari et al. (1999) examined P sorption in similar 

systems, palygorskite- and montmorillonite-calcite, where 8.8 and 9.2 cmol kg-1 was 

sorbed.  We speculate phosphorus could have desorbed from sorption sites or 

dissolved from the inherent Ca-P minerals.  

The fertilizer prills contained 9% (mean = 46 mg ± 4 SE) and 12% (mean = 

120 mg ± 4 SE) of the original 0.5 g or 1.0 g of P applied to each container, 

respectively (Table 7).  A 0.2 versus 0.1 target LF resulted in a 10% and 26% 
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increase in recovered P, respectively.  A clay amended substrate resulted in a 40% 

(243 mg) increase in recovered P when compared to sand amended substrate, 

however, this is probably due to the previously mentioned increase in effluent DRP 

and the 3-fold increase in substrate P when growing in a clay (mean = 73 mg ± 4 

SE) versus sand (mean = 17 mg ± 2 SE) amended substrate, (Table 7). 

In summary, clay amended substrates increased both water and nutrient 

buffering capacities of the substrate.  The increase in water buffering capacity was 

reflected by the increased AW and WUEP when clay versus sand amended 

substrate was used to grow Skogholm cotoneaster.  Cotoneaster mineral nutrient 

content of P, K, Ca, Mg, S, and Mn increased in clay amended substrate, with a 

100% increase in total plant P content in clay amended compared to sand amended 

substrate.  This resulted in a 20% to 60% increase in PUE regardless of increased 

cumulative effluent DRP content and concentration.  Based on data herein and past 

research, containerized crop growth may be able to be maintained and P losses 

minimized by using a clay amended substrate without application of fertilizer P.  Clay 

may act as a slow release form of P that reduces environmental impact while 

supplying the plant needed P by maintaining a sufficient substrate solution P 

concentration.   
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Table 1.  Physical properties (n = 5) of pine bark substrate amended with 11% (by vol.) coarse sand or 0.85 mm - 0.25 
mm Georgiana bentonite-palygorksite mineral aggregate.  All substrates lay fallow under experimental field conditions for 
60 days before analysis. 
 
  Bulk Totalz Containery Airx Availablew Unavailablev  
 Treatment density porosity capacity space water water  
  (g cm-3)   (% volume)  
     
    Clay 0.24 86 63 23 37 25   

             
 Sand 0.35 82 57 25 33 24  
 
 P value 0.0001 0.0001 0.0001 0.18 0.0001 0.09 
   
zPercent volume at 0.4 kPa. 
yPredicted as percent volume at drainage. 
xAir space = total porosity – container capacity.  
wAvailable water = container capacity – unavailable water. 
vPercent volume at 1500 kPa. 
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Table 2.  Effect of target leaching fraction (LF) and substrate on influent volume, water retention, and leaching fraction 
(LF) for Skogholm cotoneaster grown 114 days in pine bark amended with 11% (by vol.) sand or 0.25 to 0.85 mm 
Georgiana bentonite palygorksite clay mineral aggregate. 
 
  Influentz (L) Water retainedy (L) Calculated LFy  

Target  
 LF  Clay Sand P value Clay Sand Mean Clay Sand Mean 
    
 0.10 74x 67 0.03 67w 59 63 B v 0.10u 0.12 0.11 B 
 0.20 100 88 0.01 78 68 73 A 0.24 0.25 0.24 A 
  
 P value 0.0001 0.0008 Mean  72 b t  63 a Mean 0.17 b  0.19 a 
 
zTarget LF and substrate interaction significant determined by ANOVA, P ≤ 0.10. 
yTarget LF and substrate interaction not significant.  
x∑(influent volume) for 114 days, pooled over P application rate of 0.5 g or 1.0 g (n = 4). 
w∑(daily influent) - ∑(daily effluent) for 114 days, pooled over P application rate of 0.5 g or 1.0 g (n = 4). 
vSignificant target LF main effect (n = 8) denoted by capital letter in column determined by ANOVA, P ≤ 0.05. 
uLeaching fraction = effluent volume ÷ influent volume, averaged for the entire 114 days, pooled over P application rate of 
0.5 g or 1.0 g (n = 4). 

tSignificant substrate amendment main effect (n = 8) denoted by lower case in row letter determined by ANOVA, P ≤ 0.05. 
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Table 3.  Effect of phosphorus (P) application rate and substrate on total plant dry 
weight and root : top ratio of Skogholm cotoneaster grown for 114 days in pine bark 
amended (by vol.) with 11% sand (control) or 0.25 to 0.85 mm Georgiana bentonite-
palygorksite mineral aggregate.  
   
   Total dry weightz (g)  Root : top ratioy 
       
   P rate (g)    P rate (g) 
 Substrate        
 amendment 0.5 1.0 P value 0.5 1.0 P value 
    
 Clay 245x 230 0.27 0.21 0.16 0.02 
 Sand 168 199 0.07 0.21 0.20 0.54 
 
 P value 0.0001 0.05  0.80 0.03 
  
zTotal dry weight = root weight (g) + top weight (g). 
yRoot : top = root weight (g) ÷  top weight (g). 
xPooled over target leaching fraction of 0.1 or 0.2 (n = 8). 
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Table 4.  Mineral nutrient content of root and top of Skogholm cotoneaster grown 114 days in a pine bark substrate 
amended with 11% (by vol.) sand or 0.25 to 0.85 mm Georgiana bentonite-palygorksite clay mineral aggregate.  Each 
container had 54 g of either 19N-0.9P-6.4K or 19N-1.8P-6.4K controlled release fertilizer containing 1.5 g Ca, 0.6 g Mg, 
1.1 g Fe, 2.4 g S, and 0.2 g Mn. 
 
  
 Macronutrient (mg) Micronutrient (mg) 
 Substrate 
 amendment  N P K Ca Mg Na S Fe Mn B 
     
 Root 
  Clay 136z 45 225 156 86 65 46 4 6 0.5 
  Sand 165 20 153 117 68 56 41 4 7 0.4 
 
  P value 0.13 0.0001 0.0002 0.015 0.03 0.19 0.26 0.95 0.04 0.01 
 
 Top 
  Clay 2,011 268 2,055 1,638 580 235 133 18 33 4.9 
  Sand 1,871 129 1,486 1,104 377 154 110 12 25 3.9 
  
 
  P value 0.38 0.0001 0.0001 0.0001 0.0001 0.0001 0.02 0.02 0.001 0.0001 
   
zSubstrate amendment main effect (n = 16); nutrient content = nutrient concentration (mg kg-1) x total dry weight (g).. 
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Table 5.  Effect of phosphorus (P) application rate and target leaching fraction (LF) 
on top and root mineral nutrient content (n = 16), respectively, of Skogholm 
cotoneaster grown 114 days with 54 g of either 19N-1.8P-6.4K [1.0x (1.0 g P)] or 
19N-0.9P-6.4K [0.5x (0.5 g P)] controlled release fertilizer containing 2.4 g S.  
   
      Nutrient content (mg) 
 Main    
 effect  N P K S B 
   
       Root 
 Target LF      
  0.1   164z 33 208 49 0.5 
  0.2   137 32 171 38 0.5 
   
  P value  0.15 0.98 0.03 0.03 0.23 
   
       Top 
 P rate (g)      
  0.5   1,697z 187 1,675 116 4.1 
  1.0   2,184 210 1,866 127 4.6 
   
  P value  0.005 0.045 0.04 0.23 0.03 
   
zNutrient content = nutrient concentration (mg kg-1) x total dry weight (g). 
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Table 6.  Cumulative effluent dissolved reactive phosphorus (DRP) and phosphorus 
use efficiency of Skogholm cotoneaster plant grown 114 days in a pine bark 
substrate amended with 11% (by vol.) coarse sand or 0.25 to 0.85 mm Georgiana 
bentonite-palygorksite in which 0.5 g or 1.0 g phosphorus was applied and a 0.1 or 
0.2 target leaching fraction (LF) was maintained. 
 
  Substrate amendment 
 Main 
 effect Clay Sand P value 
   
  Cumulative effluent DRPz (mg) 
 Target LF 
 0.1 7z 4 0.02 
 0.2 21 11 0.0001 
   
 P value 0.0001 0.0004  
   
  Phosphorus use efficiencyy (%) 
 P rate (g) 
 0.5 95y 31 0.001 
 1.0 41 20 0.0002 
   
 P value 0.003 0.003  
   

z∑[effluent P concentration (mg L-1) x effluent volume (L)] for the entire 114 days, 
pooled over P application rate of 0.5 g or 1.0 g (n = 4). 

yP use efficiency = {plant P (mg)  ÷ [P applied (mg) - P remaining in fertilizer prill 
(mg) - substrate P (mg)]} x 100, pooled over target leaching fraction of 0.1 or 0.2 (n 
= 4). 



 

 

223
 
Table 7.  A partition of phosphorus (P) (n = 2) for Skogholm cotoneaster grown 114 days in pine bark substrates amended 
with 11% (by vol.) sand or 0.25 to 0.85 mm Georgiana bentonite-palygorksite clay mineral aggregate.  Each container had 
1.0x (1000 mg) or 0.5x (500 mg) P surface incorporated at the initiation of the experiment and a target leaching fraction 
(LF) of 0.1 or 0.2. 
 
 Clay Sand 

   
 Phosphorus  0.1 LF 0.2 LF 0.1 LF 0.2 LF  

partition 
 (mg)  0.5x P 1.0x P 0.5x P 1.0x P 0.5x P 1.0x P 0.5x P 1.0xP 
     
 Effluent 7 6 21 21 3 5 10 12 
  
 Cotoneaster   
  Root  45 44 54 46 20 22 18 20 
  Top 255 253 308 281 104 142 120 149 
  
 Substrate 65 66 85 78 13 16 18 21 
 
 Fertilizer prill 46 118 54 130 31 119 52 114 
 
 P use efficiency (%) 82 z 39 107 44 29 20 34 21  
 
 Recovered 
  Phosphorus 417y 488 521 557 172 304 218 316 
  Percent 88x 51 110 59 36 32 46 33 
 
zP use efficiency = {Plant P (mg) ÷ [ P applied (mg) - P remaining in fertilizer prill (mg) - Substrate P (mg)]} x 100.  
yRecovered P = effluent (mg) + plant (mg) + substrate (mg) + fertilizer prill (mg).  
xPercent recovered P = [Recovered P (mg) ÷ applied P (mg)] x 100.
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Figure 1. Cumulative influent (A) and effluent (B) per container 
to maintain a target leaching fraction (LF) of 0.10 or 0.20 on 
Skogholm cotoneaster grown 114 days in a pine bark 
substrates amended with 11% (by vol.) sand or 0.25 to 0.85 
mm Georgiana bentonite-palygorksite clay mineral aggregate. 
Linear and segmented linear models were calculated for 
influent [Clay (0.1 LF: if x ≤ 75 DAI then y = -1.6 + 0.5x, R2 = 
0.99; if x ≥ 75 DAI then y = -42.0 + 1.0x, R2 = 0.98; 0.2 LF: if x ≤ 
75 DAI then y = -1.5 + 0.6x, R2 = 0.99; if x ≥ 75 DAI then y = -
61.6 + 1.4x, R2 = 0.98); Sand (0.1 LF: if x ≤ 75 DAI then y = -0.8 
+ 0.5x, R2 = 0.99; if x ≥  75 DAI then y = -30.4 + 0.9x, R2 = 0.98; 
0.2 LF: if x ≤ 75 then y = -1.2 + 0.6x, R2 = 0.99; if x ≥ 75 DAI 
then y = -43.5 + 1.2x, R2 = 0.98)] and effluent [Clay (0.1 LF: y = 
0.10 + 0.06x, R2 = 0.99; 0.2 LF: if x ≤ 75 DAI then y = -0.01 + 
0.15x, R2 = 0.99; if x ≥ 75 DAI then y = -11.5 + 0.30x, R2 = 
0.98); Sand (0.1 LF: y = 0.29 + 0.06x, R2=0.99; 0.2 LF: if x ≤ 75 
DAI then y = -0.05 + 0.16x, R2=0.99; if x ≥ 75 DAI then y = -6.4 
+ 0.24x, R2 = 0.98).  Irrigation was applied cyclically at 0200, 
0400, and 0600 HR EST with an additional 67 cm of rain 
throughout the experiment. 
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Figure 2.  Diurnal flux of container capacity for Skogholm cotoneaster grown 114 days in a pine bark substrate amended 
with 11% (by vol.) 0.25 to 0.85 mm Georgiana bentonite-palygorksite clay mineral aggregate with a target leaching fraction 
of 0.10 or 0.20.
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Figre 3.  (A) Water gain and (B) water application 
efficiency as a function of container capacity on 11 
Sept. 2004 for Skogholm cotoneaster plant grown 109 
days with a target leaching fraction (LF) of 0.1 LF: y = -
6011 + 136x – 0.76x2, R2 = 0.92; 0.2 LF: 0.2 y = -21674 
+ 473x – 2.56x2, R2 = 0.91. 
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Figure 4.  (A) Effect of substrate on water loss on 11 Sept. 
2004 (A).  Rate of water loss was calculated for clay (If 1000 
HR EST ≤ x ≤ 1755 HR EST then y = -71.2 – 3.4x, R2 = 99) 
and sand: (If 1010 HR EST ≤ x ≤ 1804 HR EST then y = -99.7 
– 2.7x, R2 = 99). (B) The 2nd derivative of the calculated 
residuals R2 ≥ 0.99 for Skogholm cotoneaster grown 109 
days in a pine bark substrate amended with 11% (by vol.) 
sand and 0.25 to 0.85 mm Georgiana bentonite-palygorksite 
clay mineral aggregate.  



 

 

230

0

5:
30

7:
30

9:
30

11
:3

0

13
:3

0

15
:3

0

17
:3

0

19
:3

0

21
:3

0

Time

 1

-1

2nd
 D

er
iv

at
iv

e

-2000

-1500

-1000

-500

0
Clay
Sand

W
at

er
 lo

ss
 (m

l)

daylight hours

Treatment A

B



 

 

231

 

0.1

1

10

0 20 40 60 80 100 120

Clay
Sand

D
ai

ly
 e

ffl
ue

nt
 D

R
P

 c
on

cn
. (

m
g 

L-1
)

Treatment

Day after initiaiton
 

Figure 5. Daily dissolved reactive phosphorus (DRP) concentration of effluent 
from Skogholm cotoneaster plant grown 114 days in pine bark substrates 
amended with 11% (by vol.) sand or 0.25 to 0.85 mm Georgiana bentonite-
palygorksite clay mineral aggregate.
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Figure 6. Cumulative dissolved reactive P (DRP) effluent of Skogholm 
cotoneaster grown 114 days in pine bark substrates amended with 11% (by 
vol.) sand or 0.25 to 0.85 mm Georgiana bentonite-palygorksite clay mineral 
aggregate in which a 0.1 or 0.2 target leaching fraction was maintained.  
Segmented linear models were calculated for each treatment.  Clay (0.1 LF: if 
x ≤ 58 DAI then y = 0.4 + 0.04x, R2 = 0.98; if 58 DAI ≤ x ≤ 65 DAI then y = -9.4 
+ 0.21x, R2 = 0.97; if x ≥ 71 DAI then y= -0.6 + 0.06x, R2 = 0.96; 0.2 LF: if x ≤ 
58 DAI then y = 0.7 + 0.10x, R2 = 0.99; if 58 DAI ≤ x ≤ 65 DAI then y = -19.7 + 
0.46x, R2 = 0.96; if x ≥ 71 DAI then y = -10.7 + 0.28x, R2 = 0.97) ; Sand (0.1 
LF: if x ≤ 58 DAI then y = 0.6 + 0.04x, R2 = 0.96; if 58 DAI ≤ x ≤ 65 DAI then y = 
-5.3 + 0.13x, R2 = 0.91; if x ≥ 71 DAI then y= 1.8 + 0.03x, R2 = 0.98; 0.2 LF: if x 
≤ 58 DAI then y = 0.8 + 0.08x, R2 = 0.99; if 58 DAI ≤ x ≤ 65 then y = -14.4 + 
0.34x, R2 = 0.95; if x ≥ 71 DAI then y = 2.3 + 0.08x, R2 = 0.97).
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Appendix A.  Inter-(A) and Intra-cycle (B) of phosphorus in containerized crop production.
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Appendix B.  General containerized substrate input, solution, and fertilizer 
characteristics during plant production for a 14.6 L (trade 5 gallon) container with 
60 g CRF applied.  
 

Component Analysis Value per container Units

Ground dolomitic limestone (CaMgCO3) (Owen et al., 2003) 17 - 35z
g

Desired pH (Yeager et al. 1997) 6.00

Substrate Solution (Yeager et al., 1997)
N (mg L-1) 20.00 204.40 mg
P (mg L-1) 7.00 71.54 mg
K (mg L-1) 15.00 153.30 mg
Ca (mg L-1) 30.00 306.60 mg
Mg (mg L-1) 17.00 173.74 mg
Fe (mg L-1) 0.50 5.11 mg
Mn (mg L-1) 0.30 3.07 mg
Zn (mg L-1) 0.20 2.04 mg
Cu (mg L-1) 0.02 0.20 mg
B (mg L-1) 0.05 0.51 mg
pH 6.00 ----
EC (mmhos cm-1) 0.40 ----

17-5-10 6 month CRF input (with minors) (Wilbro Inc., Norway, SC)
Total N (%) 17.00 10.200 g

NH4
+ (%) 9.36 5.616 g

NO3
- (%) 7.65 4.590 g

P2O5 (%) 5.00 1.320 g
K2O (%) 10.00 4.980 g
Mg (%) 0.60 0.360 g
S (%) 4.58 2.748 g
Fe (%) 1.20 0.720 g
Mn (%) 0.25 0.150 g
Cu (%) 0.20 0.120 g
Zn (%) 0.10 0.060 g
Mo (%) 0.01 0.006 g

zhigh rate for substrates that include peat.
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Appendix C.  Constituents of clay amended pine bark substrate within a 14.6 L 
(trade 5 gallon) container. 
 

Components Analysis Value per container  Units

clay (% by vol.) 11 %
pine-bark (% by vol.) 89 %

24/48 LVM-GA (Oil-Dri Corp. Amer., Chicago, IL) 1.61 dm

Bulk Density (g cm-3) 0.53
Specific Surface Area (m2 g-1) 122.50 104,269.55 m2 

Liquid Holding Capacity (%) 35.00 0.56 L 
Estimated pH in water 7.00
CEC (cmolc kg-1) 18.00 15.32 cmolc

Clay constitutes
SiO2  (%) 70.81 602.72 g
Al2O3  (%) 14.12 120.19 g
CaO  (%) 2.22 18.90 g
MgO  (%) 4.57 38.90 g
Na2O  (%) 0.23 1.96 g
K2O  (%) 1.30 11.07 g
Fe2O3  (%) 4.98 42.39 g
MnO  (%) 0.04 0.34 g
P2O5  (%) 0.99 8.43 g
TiO2  (%) 0.62 5.28 g
FeO  (%) 0.11 0.94 g

Aged Pine Bark (NCDA, Raleigh, NC) 12.99 dm
pH in water 5.90 ----

   Buffer Acidity (Ac) 17.25 ----
   Phosphorus (mg L-1) 174.50 1,700.59 mg
   Potassium (mg L-1) 16.25 158.36 mg
   Calcium (% of CEC) 6.20 60.42 mg
   Magnesium (% of CEC) 4.50 43.85 mg
   Manganese (mg L-1) 9.75 95.02 mg
   Zinc (mg L-1) 3.10 30.21 mg
   Copper (mg L-1) 0.36 3.51 mg
   Boron (mg L-1) 0.63 6.09 mg
   Fe (mg L-1) 0.86 8.33 mg

CEC (cmolc kg-1) 38.33 89.65 cmolc
Wet Bulk Density (g cm-3) 0.29 ----
Dry Bulk Density (g cm-3) 0.18 ----

     Al-Palygorskite (Mg,Al)2.5(Si,Al)4O10(OH) ·4H2O;Quartz  SiO2
     Illite (collapsed Ca-montmorillonite) KAl2(Al2Si3)AlO10(OH)2

 


