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Chapter 1 
 

General Introduction 
 
 
The forest-land base on the planet is shrinking due to development, conversion to 

agriculture, urban expansion stemming from population growth, and timber harvesting 

(FAO, 2003). In the US there have been dramatic reductions in the amount of timber cut 

form the National Forest system (USDA Forest Service, 2000). Timber harvested on 

these forests has declined more than three fold from 1987 to 1999. This has had an 

appreciable effect on private lands, displacing much of the harvesting and timber growing 

activity to private lands to meet an un-diminished demand for timber products. 

 

Improving the technology of growing timber under intensive systems appears to be 

important. Exploring and implementing techniques that will allow for optimal production 

of fiber and other wood products may help contribute to the slowing of world 

deforestation (Sedjo and Botkin, 1997), and take some of the pressure off native forests 

throughout the world. Land intensively managed by forest managers using techniques to 

optimize production may have far reaching effects on the health of our forest ecosystems 

as a whole. The optimization of wood production reduces the demand for timber on non-

industrial and non-governmental lands, where logging operations tend to cause more 

disturbance to watersheds and the stand. 

 

Forest fertilization in the Southeastern US     

 

The sites where southern pine is grown in the southeastern US are frequently infertile. 

Nitrogen, phosphorous and in some cases potassium and micronutrients are the limiting 

nutrients on these sites (NCSFNC, 2001). In most cases productive, fertile lands have 

been historically pre-empted for agriculture or other land uses. Land that is presently 

designated to grow timber in the Southeast will presumably need to produce fiber in an 

optimal way in the future, and this will be accomplished by employing intensive 
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silvicultural systems and in some cases include the use of fertilizers. The use of fertilizers 

in Southern pine production is by no means a new concept. In 2001 approximately 

315,000 hectares of pine were fertilized at mid-rotation with N or N + P (NCSFNC, 

2002) . The response of Southern pine stands to mid-rotation fertilization has been well 

documented, consistently producing accelerated growth responses for five to ten years on 

a variety of soil types (Jokela and Stearns-Smith, 1993, Amateis et al., 2000, NCSFNC, 

2002, and Bolstad and Allen1987). Approximately 250,000 hectares were fertilized at 

stand establishment in 2001, focusing mainly on correcting phosphorous deficiencies on 

wet clayey soils in the Lower Coastal Plain (NCSFNC, 2002). 

 

Researchers are investigating methods to improve nutrient management in plantation 

forestry through efficient use of fertilizers, not only for economic reasons associated with 

increased growth, but for environmental reasons as well. The use of controlled release 

fertilizers may vastly improve the efficiency of delivering nutrients to forest stands. 

Controlled release fertilizers may prove to be a viable option in areas close to bodies of 

water where there are concerns of degradation of water quality, because of critical aquatic 

habitat or use as public drinking water.  

 

This research investigated the growth and foliar responses of loblolly pine (Pinus taeda 

L.) to both soluble and controlled release fertilizers at two sites with well-drained soils in 

the Piedmont region of Virginia. The objectives of the experiment were; 

 

a) To determine if forest fertilization with N and P fertilizers at the time of 

planting are beneficial on upland soil types; 

b) To compare soluble sources of N with controlled release sources of N; 

c) To determine if fertilizer placement affected growth response and fertilizer 

efficiency. 

d) To determine if there are significant fertilizer and weed control 

interactions on these sites. 
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Chapter 2 

 
Review of Literature 

 

 

I. Impact of Intensive Management with Fertilization on Pine Growth 

 

Most pine plantations in the South are established on infertile sites. Nitrogen (N) and P, 

and in some cases K and micronutrients are the main limiting nutrients on these sites 

(Fox et. al. 2000).  

 

Why does the typical plantation site have inherent fertility problems? 

 
Historically, the most fertile lands in this country have been pre-empted for agriculture. 

Timber management typically has been practiced on sites unsuitable for agricultural lands 

or abandoned following abusive agricultural practices. These abandoned lands can best 

be described as areas that at some point in history had diminished crop production due to 

abusive practices. In Virginia, an example of this is the highly eroded soils of the 

Piedmont region.  Soon after colonization began in the new world, a vast amount of 

acreage was cleared and put into crop production (Williams, 1989). Repeated rotations of 

crops were grown without regard for conservation, until the land’s productivity was 

diminished by erosion and large-scale removal of nutrients. As a result, soils in this area 

have a much diminished A horizon, and require fertilization for meaningful crop 

production. It has been well documented in the history of Virginia, that planters had to 

acquire large expanses of land in order to keep with the practice of farming fields until 

exhaustion, allowing them to go fallow, then moving on to cultivate new parcels 

(Brender, 1977) 

 

Nitrogen cycling changes during the rotation 
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An initial increase in N availability is commonly experienced on plantation sites after 

harvesting and site preparation. Intensive site preparation including chopping, disking, 

and bedding, among other techniques tend to increase mineralization of N, by improving 

soil aeration, raising soil temperature and mixing slash and forest floor organic matter 

with the mineral soil (Burger and Pritchett, 1988, Haines et al. 1999, Langdon and 

McKee, 1991).  

 

Nitrogen availability in loblolly pine stands typically decreases as it approaches canopy 

closure (Jokela and Long, 2000). The high demand for nutrients during leaf expansion, 

and the rapid growth phase (Allen, 1987) can cause N deficiencies to occur. Once the 

canopy closes, pine needle litter rapidly accumulates on the forest floor, which in itself 

slows nutrient cycling (Bowen and Nambiar, 1984). Piatek and Allen (2001) 

demonstrated that as fresh needles accumulate on the forest floor, they become a sink for 

N, accumulating N from decomposition of older foliage and possibly the soil itself via 

fungal hyphae.   

 

The rate of litter decomposition has been correlated to both the ratio of lignin to N, and 

the ratio of carbon to N in dead foliage in the litter layer (Scott and Binkley, 1997, 

Edmund and Hsiang, 1987, Bowen and Nambiar, 1984). Microorganism breakdown of 

forest floor litter is slowed due to low availability of N in relation to carbon (Havlin et al., 

1999). Microorganisms use the carbon components for energy but need ample supplies of 

nitrogen in order to build proteins (Havlin et al., 1999). Loblolly pine litter exhibits high 

ratios of both carbon and lignin to N. The more inherently infertile a site is, the less N 

will be returned to the litter layer in abscised foliage, which proves to further exacerbates 

the problem. Dalla-Tea and Jokela (1994) demonstrated that there is lower nitrogen 

composition in dead foliage in stands that have inadequate N nutrition. As a result, the 

litter layer becomes an even larger sink for N, due to the slowed decomposition. 

 

These problems, although inherent to pure conifer stands, may be partially remedied by 

encouraging a partial stocking of deciduous hardwoods (Bowen and Nambiar,1984) The 

addition of deciduous leaves, which have lower carbon/lignin to N ratios, may act as a 
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primer, speeding decomposition. Similarly, fertilization would speed up the N cycling, by 

improving the N composition of foliage and availability to microorganism communities 

in the forest floor and soil (Dalla-Tea and Jokela, 1994).  

 

Growth Potentials from Intensive Management 

 

Intensive silviculture can substantially increase the rate of growth achieved in temperate 

and sub tropical forests (Sedjo and Botkin, 1997).  Borders and Bailey (2001) showed 

with an intensive silvicultural regimen including herbicides and fertilization starting at 

the time of planting, that growth rates for loblolly pine in the U.S. Southeast could 

approach the growth rates of other species in New Zealand, Chile, and South Africa. 

These studies show that dramatic responses are possible when nutrient availability is 

maintained at high levels throughout the rotation with repeated fertilizer applications. 

Growth rates increased 2 to 4 times over current average growth rates in the South. 

 

 

Pine Plantation Fertilization 

 

Fertilization is required on many plantation sites in order to obtain rapid growth rates 

(Kidder et al.1987). Mid-rotation fertilization with N and P has become a common 

practice in the Southeast. In 2001, approximately 315,000 hectares of southern pine 

stands were fertilized at mid-rotation with N or N + P, and in a few instances included K 

(NCSFNC 2002). Application of mid rotational fertilizer treatments are done most of the 

time by aircraft. Application rates in 1999 ranged from 90- 224 kg ha-1 of N. In 

combination with P, applications ranged from 90 to 224 kg ha-1 N plus 22 – 56 kg ha-1 of 

P (NCSFNC, 2000). 

 

Forest fertilization is one of the best silvicultural treatments for increasing wood 

production. Mid rotation fertilization has consistently produced accelerated growth 

responses for 5-10 years on a wide variety of soils in the South (Jokela and Stearns-

Smith, 1993, Amateis et al. 2000, NCSFNC 2002, Bolstad and Allen, 1987). Gains from  
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mid-rotation fertilization can be 1.4 - 2.1 cubic meters per year for five to eight years 

(Allen, 1987), after an application. A study examining responses at 31 various Coastal 

Plain and Piedmont sites in the SE to a combined N and P treatment, produced average 

gains of 12 % for all stands (Bolstad and Allen, 1987).  

 

Applying fertilizer after a mid-rotational thinning operation usually provides the best 

increase in timber value, where nutrients are directed to growing fewer, larger, and more 

desirable tress (Bowen and Nambiar, 1984). Although, stand value increases due to the 

fact of the higher proportion of saw-timber size trees, there is usually little volume 

difference in thinned and un-thinned fertilized stands (Stearns-Smith and Jokela, 1992). 

A study examining a combined treatment of N and P showed that fertilization increased 

growth in chip-N-saw class trees more often than thinning alone. The response to 

fertilization was 2.5 m3 ha-1 year-1 over 8 years (Stearns-Smith and Jokela, 1992).                                           

 

II. Pine Growth Responses Following N and P Fertilization in Young Pines. 

 

Mid-rotation stands of loblolly pine are very responsive to nutrient amendments, 

especially N, but there have been inconsistent findings with regard to N fertilization at 

stand establishment. It is commonly held that there is ample N in soil following site 

preparation due to the incorporation of organic residues and improvements in the site’s 

ability to mineralize N. 

 

Phosphorous 

 

Pine plantation fertilization at establishment has historically focused on correcting P 

deficiency on wet clayey soil types in the Coastal Plain of the southeast. Fertilizing P 

deficient sites improves site index by 2.4 – 4.6 meters in 25 years (Allen, 1987). Volume 
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gains of 14 cubic meters in loblolly pine 10 years after establishment have been observed 

after a 280 kg ha-1 application of diammonium phosphate (NCSFNC, 1991).  A single 

application at planting is in many cases sufficient to alleviate P deficiency problems 

during the complete rotation (Allen, 1987). Phosphorous is usually applied as triple super 

phosphate (0-46-0) or diammonium phosphate (18-46-0). These fertilizers are usually 

applied at a rate that supplies 22 to 56 kg ha-1 of elemental P. Many organizations are 

shifting more to increased use diammonium phosphate due to the N presence. (NCSFNC, 

2001)  
 

Nitrogen + Phosphorous 

 

The results of several recent studies with N and P applied at stand establishment have 

been promising but inconsistent. Gent et al. (1986) compared P and N + P fertilizer 

applications in several Atlantic Coastal Plain sites at establishment. They found that the 

N plus P application was superior on poorly drained clays. Results favored P alone or 

were mixed on other sites. Jokela, et al. (2000) demonstrated that early fertilization using 

DAP on a variety of soil types on the Lower Coastal Plain of the southeastern US, is 

beneficial to young loblolly stands, on wet clay soils, Spodosols, and on well drained 

upland soils. The authors found that loblolly responded better overall to fertilization than 

slash pine.  

 

In a study by Colbert et al. (1990) loblolly pine was fertilized annually, with and without 

complete weed control, for the first 11 years after establishment at sites in the Lower 

Coastal Plain. The results of the study demonstrated a substantial increase in growth in 

fertilizer and herbicide plus fertilizer plots over controls. The balanced fertilizer 

contained N, P, K, Ca, Mg, S and several micronutrients. Both the fertilizer only and 

herbicide only plots increased growth over 800% compare to the control treatment. A 

slight synergistic response occurred with the combined response being better than a sum 

of the two. The herbicide plus fertilizer treatment was superior with a 2000 % increase 

over control. Haywood et al. (1997) evaluated the response of planted loblolly pine on a 
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Beauregard silt loam in central Louisiana using fertilizer and herbicide. The fertilizer  

(177 kg ha-1 of N and 151 kg ha-1 of  P) with herbicide treatment produced a 36% 

increase in height growth compared to herbicide only plots after five years. A study by 

Haywood and Tiarks (1990) in the northern Coastal Plain of Louisiana, found a positive 

response from a balanced fertilizer treatment applied at establishment. The treatment 

applied (112 kg N + 49 kg P + 93 kg K ha-1 as 13-13-13) produced significant results at 

all sites except where herbaceous vegetation was not controlled. On a Piedmont site in 

Georgia, Edwards (1990), demonstrated that fertilizing loblolly pine at stand 

establishment with ammonium nitrate with weed control, along with intensive site 

preparation activities (shearing, chopping, burning, disking) resulted in mean stand 

volumes that were 66 % greater than mechanical site prep alone after five years. The use 

of herbicide with fertilizers at stand establishment appears to be critical in many cases.  

Without effective control of weed competition especially herbaceous, N fertilizer 

application stimulates weed growth to the detriment of the pine seedlings (McKee and 

Wilhite,1988, Jokela et. al.,2000, Haywood and Tiarks,1990)      

 

Diagnostic Techniques 

 

Choosing an appropriate fertilizer prescription is site and region specific often based on a 

combination of research, traditional practices, and site indicators of nutrient deficiency. 

Information is obtained from soil samples, foliage samples, growth data, soil surveys, and 

examining soil profiles.  

 

The CRIFF program at the University of Florida, prepared fertilizer recommendations for 

the Southeast based on a soil and site classification system for loblolly and slash pine at 

planting and mid-rotation (Kidder et al., 1987, Jokela et al., 2000, Jokela and Long, 

2000). The recommendations are based on field trials done in a cooperative effort by UF 

and the forest products industry. The eight groups (A thru H) of soils are classified on the 

basis of texture, drainage and certain profile characteristics, including depth to a Bt 

horizon and presence or absence of a Bh (spodic horizon). Soil groups A and B are 

Ultisols, typically formed in wet flats, Savannas or tidal areas and are somewhat poorly to 
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very poorly drained, and are typically severely deficient in P. General recommendations 

include 56 kg N ha-1, 46-56 kg P ha-1 at establishment, and 168-224 kg N ha-1 and 46-56 

kg P ha-1 at mid-rotation. Group C and D soils are Spodosols and typically formed in very 

poorly to moderately well drained flatwoods. They are deficient in N and P, and possibly 

K, and some micronutrients. General recommendations include 46-56 kg P ha-1, and 46-

56 kg N / ha-1 at planting, and 168-224 kg N ha-1 and 46-56 kg P ha-1. If K deficiencies 

are confirmed by foliage analysis or other technique a balanced fertilizer such as 20-20-

20 should be used. Group E and F soils are moderately well to well-drained Ultisols. 

These soils are similar to A and B groups but located in an upland location. These groups 

are deficient in P and N. General recommendations include 28-56 kg P ha-1 and 46-56 kg 

N ha-1 at establishment and 28-56 kg P ha-1 and 224 kg N ha-1 at mid-rotation. H group 

soils are very poorly drained organic soils, which are frequently flooded and do not lend 

themselves well to intensive management including fertilization. Soil group G is very 

deep sandy, excessively well-drained Entisols. These soils are very deep sands that are 

droughty and are thought have formed from ancient beach dunes and ridges.  Due to the 

mainly moisture deficits limiting production on such sites, fertilizer treatments are not 

recommended (Kidder et al., 1987, Jokela et al., 2000, Jokela and Long, 2000).  

 

Chemical analysis of foliage can be useful in diagnosing nutrient deficiencies. The 

critical range for N is around 1.10 % of dry matter for loblolly and 0.8-1.2% for slash 

pine (Dickens and Moorehead, 2002). The critical range is the nutrient concentration 

level in the foliage associated with 90 % of maximum growth (Havlin et al., 1999).   

   

Vector analysis is another approach of evaluating nutrient status in foliage (Timmer and 

Stone, 1978). Vector analysis goes beyond critical concentration levels to compare 

changes in content (g/50 fascicles) and biomass due to treatment, in an integrated fashion. 

It is an effective way to factor out the dilution effect and other confounding effects 

experienced in forest stands (van den Driessche, 1991). Impacts on normalized biomass 

weights, nutrient concentrations and contents are compared on a vector diagram. A 

diagnosis of deficiency of some nutrient would be indicated by a simultaneous increase in 
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concentration, content and biomass, of some magnitude (Haas and Rose, 1995) (Figure 

2.1) due to a treatment.  

 

Nutrient deficiencies can be diagnosed based on simple visual indicators such as poor 

growth, amount of leaf area, and length and color of needles (Jokela and Long, 2000) of 

current trees on site. In many cases an experienced forester or manager can identify a 

nutrient deficiency problem by a simple examination of the stand.    

 

 

III. Controlled Release N Fertilizers 

 

 

Controlled release fertilizers offer several advantages to forest management that typical 

soluble fertilizers do not. Growing timber takes many years, and its nutrition needs are 

altogether different from those of agriculture crops. The rotation age of southern pine is 

commonly between 20 to 35 years. To obtain the best response following application of  

fertilizers is challenging. Controlled release fertilizers may afford several advantages to 

forest management that typical highly soluble fertilizers can’t. 

 

The four major advantages (Bowen and Nambiar, 1984, Raigon et al.,1996) in using 

controlled release fertilizers are: 

 

 

• A regular and continual supply of N to the stand. 

• Decreases in losses attributed to leaching, volatilization and de-

nitrification. 

• Reduction in root and seed damage due to excessive salt concentration. 
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Figure 2.1. Interpretation and diagnosis of nutrient status using Vector analysis. A combination of changes in relative nutrient 
concentration and content and foliage biomass are used to diagnose nutrient status.(Haase and Rose, 1995, Timmer and Stone, 1978, 

and van den Driessche 1991). 

 
 

Treatment Symbol General Interpretation and Diagnosis of Vector Direction and Magnitude

control/ reference O control , no treatment applied
treatment 1 vector direction (increase nutrient concentration, decrease content, decrease biomass) indicates excess, and possible toxicity.
treatment 2 vector direction (increase nutrient concentration, increase content, stable biomass) indicates luxury consumption, or that the nutrient is sufficient.
treatment 3 Z vector direction (increase nutrient concentration, increase content, increase biomass) indicates deficiency, or that the nutrient is limiting.
treatment 4 Y vector direction (decrease nutrient concentration, increase content, increase biomass) indicates dilution, or that the nutrient is non-limiting.
treatment 5 + vector direction (decrease nutrient concentration, decrease content, decrease biomass) indicates excess, and the nutrient level is antagonistic.
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• Makes storage and management of fertilizers more convenient for the 

operator. 

 

Much of the N applied in soluble fertilizer can be lost from the soil profile before it can 

be utilized by the stand. 220 kg ha-1 of N is commonly applied at mid rotation and much 

of this may be lost to due to leaching, de-nitrification, or even volatilization (Havlin et al. 

1999) A fertilizer product which makes N slowly available for more optimum uptake, 

would in theory provide a better response than an equal amount of N in a highly soluble 

form. This would allow for a reduction in the amount of fertilizer to be applied, and 

application cost savings for the operator. The use of controlled release fertilizers also 

reduces the risk of polluting surface and ground waters with nitrates, although impact 

from forest fertilization operations is rare (Wang and Alva, 1996, Zekri and Koo, 1991, 

Nash et al., 1988)     

 

There are three recognized types of controlled release fertilizers in use around the world 

(Raigon et al.1996). The first group is characterized by a protective porous coating that 

allows for a timed release via gradient diffusion between the pellet interior and the bulk 

soil solutions. The fertilizer diffuses through imperfections and small cracks which 

develop during the manufacture and handling of the product.  Thickness of the coating 

governs the longevity of the release. Examples of such products are sulfur coated urea 

(SCU) and resin-coated urea (RCU).  

 

The second group is organic or inorganic compounds, which are slowly degraded by 

microbial action or hydrolysis. Although, the period of time release varies for different 

products, release rates are somewhat related to temperatures and precipitation (Cabrera, 

1997). Organic formulations include ureaform, methylene urea (MU), 

isobutylidenediurea (IBDU), and crotonylidendiurea (CDU). An example of an inorganic 

fertilizer would be double aluminum metal phosphates. 
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The third group is fertilizers with an added compound, which partially inhibits microbial 

activity, slowing down the mineralization of urea to ammonium (NH4). Substances 

producing heavy metal ions, or phenolic compounds, act to inhibit mineralization by 

strongly binding to sulfhydryl groups on urease preventing its action on urea (Hasan, 

2000). 

 

This investigation centers on two organic forms of controlled release N, methylene-urea 

(MU) (40-0-0), and isobutylidenediurea (IBDU) (9-9-4). Methylene-urea is manufactured 

through a process combining urea and formaldehyde. A polymer is created that contains 

urea (CO[NH2]2) and CH2.   The urea is bound and not released until acted upon by 

microorganisms feeding on the CH2  groups. Once released from the polymer, urea is 

hydrolyzed by H2O and urease acting as a catalyst (Hasan, 2000). Tablet forms of the 

fertilizer take longer to release because soil microorganisms take some time to fully 

access and release the bound urea. Once released, hydrolysis of the urea is also affected 

by N concentrations in the soil. An excess amount NH4 in soil has been shown to inhibit 

urease action and slow breakdown of urea into plant usable forms. (Rambures, 2003, 

Hasan, 2000) The tablet form of MU that we are evaluating is designed to release 

nutrients for up to two years. 

 

Isobtylidenediurea (31-0-0) is a white crystalline powder manufactured by the 

condensation of urea and isobutyraldehyde, which is a by-product of the 2-ethythexanol 

process, which is used as a plasticizer for polyvinyl chloride.  

 

                 CHO-2 CH3 + 2 NH2CONH2   ->   2 NH2CONH2-2 CH- 2 CH3 + H2O  

     (Isobutyraldehyde)       (Urea)   (Isobutylidenediurea-IBDU)  

 

Mitsubishi Chemical Industries Ltd. discovered the usefulness of IBDU as a fertilizer in 

1962. IBDU is slowly water soluble, about 1/1000 the rate of urea and ammonium nitrate.  

Its release mechanism is governed by hydrolysis rather than microbial activity (Figure 

2.2). An advantage of IBDU is that, in theory, it can work effectively in a wide variety of 

soils and environmental conditions (Mitsubishi Chemical, 1981, Woolhouse, 1984).   
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Figure 2.2. Decomposition of IBDU. The majority of the amount Isobutlyaldehyde 
produced during decomposition is volatized into the atmosphere. (Mitsubishi Chemical, 

1981) 
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Mitsubishi Chemical (1981) demonstrated that temperature plays a role in the dissolution 

process by showing that release of N from IBDU slowed considerably in the cooler 

winter months, even though precipitation averaged over 6.4 cm per month. 

 

There is some evidence that in alkaline soils the nitrification of NH4 from IBDU may be 

delayed for several weeks (Hughes, 1976). Although there appears to be no effect on the 

longevity of the release, this may cause problems for species of plants that prefer NO3 at a 

specific development period.  

 

The size of the manufactured granule or briquette controls the duration of the release 

(Figure 2.3) (Miner et al., 1978, Hughes, 1976, Mitsubishi Chemical, 1981). Data in 

Figure 2.3 shows the strong relationship of particle size to duration of the release. Based 

on empirical prediction equations developed by Mitsubishi Chemical (1981) estimated 

that the release period is approximately four years for the 15 g product, and nine years for 

the 40 g briquette. The .23-gram size product was predicated to take 39 weeks for 

complete release. 

 

Related research involving citrus 

 

There has been extensive work done in agriculture and horticulture research with 

controlled release fertilizers. There are several studies, which evaluated the nutrition of 

citrus trees. N fertilization is extremely important in citrus management, accounting for 

80 % of fertilizer applied. Fertilization as a whole accounts for 20 % of total citrus 

production costs (Raigon et.al.,1996). Overall results with citrus have been positive, and 

have answered concerns over nitrate pollution. 
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Figure 2.3. IBDU Nitrogen mineralization as related to product particle size over an 8-
week period (Mitsubishi Chemical, 1981, Nu Gro Corporation, 2002) 
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Zekri and Koo (1991) evaluated the controlled release fertilizers methylene urea and 

sulphur coated urea compared to NH4NO3 in Valencia orange (Citrus sinensus L.) groves 

in Florida and the resulting soil and foliar properties. After three years they found 132% 

more N in the top 20 inches of soil using MU designed to release for six months 

compared to the soluble source. All treatments had more than adequate N levels in 

foliage and there were no differences in diameter growth. They speculate the number of 

fertilizer applications could be halved using slow release formulations and still achieve 

desirable results, dramatically reducing costs. MU sources also had the best fruit weights 

of all treatments. 

 

Li et al. (1998) found the release period for the granular IBDU fertilizer lasted for 270 

days (at 25o C). The authors noted that although the slow release fertilizer released 

nitrogen evenly throughout the period, it may not provide the optimal amount of N 

needed for flowering and fruit setting in citrus trees. There are other examples in the 

literature of plants, which have critical demand periods for N, in which the release action 

of controlled release fertilizers is not optimal. Tobacco grown with IBDU had poorer 

quality and yield as compared to plants grown with a readily soluble NO3 source, at the 

same rate. Miner et al (1978) speculated that this was due to early high demand N and its 

preference for the nitrate-N form. For applications such as conifer seed orchards this may 

also hold true (Ebell, 1972). 

 

Related horticulture research 

 

Much of the horticultural research with controlled release N as focused on finding a more 

efficient N source, while maintaining plant quality and growth, and reducing harmful 

effects on the environment from offsite movement of nitrates.   

 

Nash et al. (1988) compared urea and IBDU as an N fertilizer source for container grown 

Hinodergri azalea (Rhododendron obtusum Planch.) and found a significantly lower 

cumulative N loss with IBDU. The quality of plants grown with IBDU was better 

although there were no differences in dry weights or foliar N levels.  
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A substantial part of the market for controlled release fertilizers is in the area of sports 

turf management. Due to demands for consistent quality (color and lushness) and health, 

products that offer a gradual release pattern over longer periods are beneficial. Besides 

allowing for optimal uptake of N applied, it reduces the number of applications required 

during the year. A sand dominated soil is often created at such facilities to improve 

drainage. Due to the sandy nature of such facilities use of conventional soluble sources of 

N present significant leaching problems. Woolhouse (1984) reported better growth and 

better consistency in quality, comparing IBDU with ammonium sulphate. Using the same 

rates, IBDU was applied half as many times as ammonium sulphate. He also observed an 

excellent carryover effect with a late season applications of IBDU. It has also been shown 

that soil texture affects the dissolution rate of IBDU itself, with sandy soils exhibiting 

faster breakdown than clay loam soils (Mitsubishi Chemical, 1981).   

 

Related forestry research 

 

Responses to the IBDU tablet and granular fertilizers in forestry applications have been 

observed in only a few studies. Rose and Ketchum (2002), observed significant volume 

responses after only one year, due to IBDU tablet fertilization, on sites with above 

average soil moisture, in a stand of Douglas fir (Psuedotsuga menziesii L.)and a stand of 

Western hemlock (Tsuga heterophylla Sarg.) in the Pacific Northwest. They used only 

IBDU as a fertilizer in this study and growth differences were still significant after three 

years. In Southern Australia, Nambiar and Cellier (1985) fertilized Pinus radiata (D. 

Don.), with granular IBDU, applied in the soil, approximately a meter from the planted 

seedlings, on sandy soils, and observed no impacts after three years. If these well-drained 

soils had low moisture contents, this may have stifled nutrient release as seems evident 

from Rose and Ketchum’s study. In another study that used IBDU applied in the planting 

hole, Atalla (1987) observed significant growth differences in Douglas fir mean volumes 

after two years.   
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A nursery seedling (1 yr) production study by Benzian et al. (1971) evaluating yearly 

applications of controlled release and soluble nitrogen fertilizers demonstrated that IBDU 

was inferior to a traditional granular mix of ammonium nitrate and calcium carbonate 

(21-0-0) (Nitro-chalk), and formalized casein (11-0-0) (particle size 1-5 mm) on a sandy 

podzol, over a four year period. Seedling growth following application of the IBDU 

products remained close to the other products in the first two years then dropped off. Of 

the two sizes of IBDU tested, the coarser product was better. The study was replicated at 

another site, with a sandy loam soil, and the four treatments were nearly identical in 

performance. Total soil nitrogen in the plots using IBDU was considerably higher after 

four years at the second site. 

 

In a study comparing urea and urea-formaldehyde in acidic boreal conifer forests in 

Finland, Aarnio and Martikainen (1995) found that urea-formaldehyde did not cause an 

accumulation of mineralized N, did not enhance nitrification, and had an overall positive 

effect on microbial populations at higher doses. This indicates that the excess nitrogen 

applied was not immediately converted to forms, which can leach from the soil. The 

researchers also observed that 7 to 14 years after application that the positive effects of 

the applied urea-formaldehyde could still be seen. 

 

Ohlund and Nashholm (2002) compared the use of a conventional ammonium nitrate 

fertilizer and an analytical grade of the amino acid Arginine as a slow-release fertilizer 

source for nursery production of Scots pine (Pinus sylvestris L.) seedlings. They found 

that dry weight was 22% higher and significant using the arginine source. Also, N dry 

weight composition was significantly higher for arginine treated seedlings at 2.13%, 

compared to 1.70% for the NH4NO3   treated seedlings.  

 

In an experiment looking at survival and growth of pitch (Pinus rigida Mill.) X loblolly 

hybrids on reclaimed mine soils amended with various types organic matter and 

fertilizers, trees on plots amended with sawdust and 336 kg ha -1 of isobutylidenediurea 

(IBDU) had the best growth response of any treatment, and a 67 % increase over the 

control (Moss, Burger and Daniels, 1989).  
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Mitsubishi Chemical, (1981) examined phytotoxicity and growth effects of IBDU 

compared to soluble fertilizer sources with both topical and in-ground applications of the 

products. They found in general that soluble fertilizer sources in general caused more 

damage to Hinoki FalseCypress (Chamaecyparis obtusa  Endl.) seedling roots. They 

observed that in many cases the roots of the seedlings completely cocooned the tablet 

form of the IBDU after a year. Growth was significantly better five years after planting 

for IBDU fertilized seedlings. 

 

Another study presented by Mitsubshi (1981), showed that very high amounts of N could 

be applied in briqetted form without harm to Japanese cryptomeria (Sugi) (Cryptomeria 

japonica D.Don.) seedlings. They also demonstrated better N uptake efficiency with the 

IBDU briquette forms as compared to annually applied soluble fertilizer (20-10-10).  

 

 

Nu Gro Corporation controlled release fertilizer products made with IB and MU 

 

17 g IB-briquettes and NutraleneR are slow release formulations manufactured by the Nu 

Gro Corporation. IBDU (9-9-4) depending on the size of the granule is 85-90% water 

insoluble. As previously mentioned research done with 15 g briquettes, predicted four 

years to totally release all N 

 

The granular methylene-urea product (NutraleneR (40-0-0)) is typically used for turf 

maintenance and horticultural applications. It is a reacted methylene urea polymer, which 

is 15 % occluded urea for quick release of N, 50% short chain MU polymers which 

releases N from four to ten weeks after application, and long chained MU polymers 

which releases N from nine to sixteen weeks.   
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Chapter 3 
 

General methods and materials 
 
 
 

To evaluate growth and physiological responses of loblolly pine (Pinus taeda L.) to 

controlled N release fertilizers, at stand establishment, a pot study, and two field planting 

studies were established in the Piedmont region of Virginia. The pot study and one field 

planting (old-field site) were located near Critz, VA, and the second field planting (cut-

over site) was located near Dillwyn, VA. 

 

I. Critz Greenhouse Pot Study 
 

The objective of the pot study was to compare nutrient uptake, and root and shoot growth 

responses of loblolly pine seedlings fertilized with; 1) granular top dressing of  methylene 

urea (MU Gran), 2) Isobutylidenediurea in tablet form (IBDU Tab), 3) a tablet form of  

MU (MU Tab), and 4) a granular top dressing of ammonium nitrate as (10-10-10 

fertilizer) + micronutrients (AN Gran).  

 

Fertilizer Treatments; 

1) Untreated control. 

2) one 17-g IBDU fertilizer tablet. 

3) one and a half 5-g MU fertilizer tablets. 

4) 4 g of   granular MU. 

5) 15 g of  10-10-10 fertilizer + micronutrients. 

 

The tablet treatments were designed to deliver identical amounts of N to each pot. Both 

tablet treatments contained micronutrients (Table 3.1). The surface applied granular 

forms were calibrated to deliver equal amounts of N (1.5 g) to the pot surface.  
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Table 3.1 . A comparison of macro and micronutrients provided by each treatment, at the 
Critz greenhouse study, 2002. 

 
 

 

 

 

 

 

 

 

 

 

 

Nutrients provided IBDU tablet MU tablets Granular MU Granular AN 
(grams/pot) (9-9-4) (20-10-5) (40-0-0) (10-10-10) 

(g) (g) (g) (g)
N 1.53 1.5 1.5 1.5
P 0.65 0.32 0 0.65
K 0.56 0.32 0 1.25

Ca 0.51 0.135 0 0.188
Mg 0.34 0.188 0 0.113
S 0.17 0.15 0 0.45

Cu 0.01 0 0 0.038
Fe 0.17 0.188 0 0.6
Mn 0.039 0.15 0 0.094
B 0 0 0 0.004

Mo 0 0 0 0.002
Zn 0.024 0.014 0 0.038
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The AN Gran treatment provided .645 grams of P and 1.25 g of K per seedling as well, 

while the MU Gran treatment provided only N.  

 

 
Experimental Design 

 

A randomized, complete block design was employed in this study. Fifty-five pots were 

arranged in 11 blocks of 5 pots in the greenhouse, and each pot in the block received a 

separate treatment.  

 

Methods 

 

The pot study was conducted at the Virginia Tech Reynolds Homestead Forestry and 

Wildlife Research Station near Critz, Virginia. Loblolly pine seedlings were obtained 

from the Westvaco Corporation. A single family, WV 114, was used to minimize genetic 

variation. Fifty-five seedlings of uniform size were planted in 30-liter pots filled with a 

natural soil. The soil used in this experiment was a mixture of the A and B horizons of  

Clymer series soil (coarse loamy, siliceous, active mesic Typic Hapludult), collected on a  

shoulder ridge position in Montgomery County, VA. This soil was used because of its 

general infertility. The soil was sieved (10 mm sieve) to remove coarse fragments. 

Seedlings were grown in the greenhouse for 9 months (February 2002 until November 

2002), and then transferred into a sheltered outdoor facility with transparent fiberglass 

roofing and slatted walls allowing for open-air movement which induced dormancy. The 

pots were then returned to the greenhouse in February 2003 to resume growth. Beginning 

in June the tree pots were moved outdoors. Total length of the experiment was 18 

months, including the dormancy period, which was approximately three months. While in 

the greenhouse, seedlings received 16 hours of lighted conditions daily using a timer-

controlled lighting system in the greenhouse. The pots were kept well watered throughout 

the experiment receiving approximately 5 cm of water when the soil surface became dry.   
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Prior to planting, soils were analyzed as follows: Soils were air dried and ground to pass 

a 2-mm sieve. Soil pH, nitrogen, carbon, macronutrient and micronutrient content were 

determined (Table 3.2). Soil pH was determined in a 2:1 mixture of distilled water and 

soil using a glass electrode. Total C and N content was determined using a Vario Max 

CNS analyzer (Elementar Analysesysteme GmbH, Hanau, Germany). Phosphorous, K, 

Ca, Mg, Zn, Mn, Cu, Fe, and B contents were determined using the Mehlich III extractant 

(NCDA&CS, 2003). Nitrogen and C contents were determined using Spectral Analysis of 

Elements using inductively coupled plasma spectrometry using a SpectroFlame Modula 

Tabletop ICP with auto-sampler (Spectro Analytical Instruments, Inc. Fitchburg, MA).    

 

Data Collection 

 

Fifteen seedlings of similar size to that being planted were selected from the original 

bundles and analyzed for root and shoot dry weight biomass and N, P, K, Ca, Mg, S, Mn, 

Zn, Cu and B concentrations prior to planting.  

 

Initial root collar diameter and height of each seedling were measured at planting.  

Seedlings were re-measured at two-week intervals from February 2002 until September, 

2003 except during dormancy. Beginning at the end of March, 2002, a randomly selected 

block was harvested to measure root and shoot biomass and root characteristics. 

Destructive sampling was conducted on the following dates: March 14, 2002, April 27, 

2002, May 29, 2002, September 20, 2002, July 17, 2003, September 7, 2003. At the 

September 2003 sampling, three blocks were sampled. Fifty complete fascicles were 

sampled at each destructive sampling during the 2002 and 2003 growing season. Foliage 

was harvested from the seedlings, dried and weighed. Dried foliage was then dry-ashed in  
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Table 3.2. Chemical analysis for the Clymer series soil used as a growth medium in the -

greenhouse pot study. 
 

 

 

 

 

 

 

 

 

 

 

 

 

elements ppm
(mg kg -1)

N 805
C 15295
P 1
K 89

Ca 122
Mg 41
Zn 1.2
Mn 32.5
Cu 0.4
Fe 34
B 0.2

pH 4.4
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a muffle furnace for 24 hours at 500 C, then digested for one hour in 6 N-HCl and 

analyzed for nutrient concentrations (P, K, Ca, Mg, S, Mn, Fe, Cu and B) by Spectral 

Analysis of Elements using inductively coupled plasma spectrometry (SpectroFlame 

Modula tabletop ICP with auto-sampler, Spectro Analytical Instruments,Inc., Fitchburg, 

MA ). Dried tissue was analyzed for N on a 250 mg sample using a Vario Max CNS 

analyzer (Elementar Analysesysteme GmbH, Hanau, Germany).   

 

Root System Analysis 

 

The root system was analyzed at each destructive sampling date for general orientation 

and architecture. Roots were carefully separated from the soil, washed, re-positioned and 

photographed. Pots receiving (IBDU) tablets or (MU) tablets were carefully examined in 

order to document the proximity of roots and the intimacy of any contact with the buried 

fertilizers. The remains of the IBDU tablets were recovered, dried and weighed to 

determine the extent of the decomposition. Only a visual estimation of the remains of the 

MU tablets was done due to the difficulty in recovering the tablets, which became very 

fragile and dispersed in the pot soil. In the replication destructively sampled on July 17, 

2003, seedling root systems were measured for total root length, surface area, and number 

of tips using software manufactured by Win-Rhizo Inc.. (Quebec, Canada) 

 

Biomass and Nutrient Analysis 

 

At each of the destructive samplings, dry weight biomass of the above ground portion of 

each seedling (ie.. stem, twigs, and foliage were combined) and the entire recovered root 

system below the root collar, were determined. Root to shoot ratio was calculated from 

this data. In 2003, foliage weight was also determined for each seedling to observe 

fertilizer impacts on foliage production. For the samples collected in 2002, above and 

below ground parts were analyzed for N,  P,  K, Ca,  Mg, S,  Mn,  Fe,  Zn,  Cu, and  B by 

the procedures outlined earlier. In 2003, only foliage was analyzed for nutrient 

concentrations and contents.  
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Data Analysis 

 

Total height, diameter, volume, foliage and root data were analyzed by Analysis of 

Variance (Table 3.3) using the JMPTM  platform by SAS institute (SAS, Cary, NC). Mean 

comparisons were done using Fisher’s LSD at an alpha level of 0.10.  

 

 

II. Field trials at Critz, VA and Dillwyn, VA.  
 
 
The objectives of the field study were to compare seedling growth and foliage responses 

of loblolly pine to controlled release N fertilizers and soluble N formulations at an old-

field site and a recently harvested cut-over site in the Piedmont region. The effect of two 

fertilizer placements, in-ground tablets and granular top-dressing, were also evaluated. 

Fertilizer rates were selected to provide equivalent amounts of N and P. Additional 

objectives were to determine what effect weed control had on each of the treatments, if 

there were interactions, and if fertilization alone could allow the operator to forgo 

herbicide operations to control competing vegetation in certain circumstances.  

 

Experimental Design  

 

A two by five factorial design with 5 fertilizer treatments and two weed control 

treatments was used (Table 3.4).  

 

 

 

 

 

 

 

 



 28

 

 

 

 

 

 

Table 3.3  ANOVA Table for the Critz pot study 2002-2003. 

 

 

 
 

 

 

 

 
 
 
 
 
 
 
 
 

 

 

source df
blocks 10

fertilizer treatments 4
model 14
error 40
Total 54
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Table 3.4. ANOVA table for analysis at the old-field site (Critz) and the cut-over site 
(Dillwyn). 

 

 

 

 

 

 

 

 
 
 
 
 

source df

block 2
fertilizer treatment 4

weed control treatments 1
fertilizer X weed control 4

model 11
error 18
Total 29
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Fertilizer treatments 

 

Five fertilizer treatments (Table 3.5) were evaluated including an un-fertilized check, 

three forms of controlled release N and a soluble DAP: 

  

1. Untreated control. 

2. Two 17-g IBDU fertilizer tablets applied in the planting hole (IBDU 

Tab). 

3. Three 5-g  MU fertilizer tablets applied in the planting hole (MU Tab). 

4. 101 kg ha-1 granular MU + 224 kg ha-1 TSP broadcast on the soil 

surface (MU Gran). 

5. 224 kg ha-1 DAP broadcast on the soil surface (DAP Gran). 

 

 

The tablet fertilizers were placed in the bottom of the opened planting hole before 

placement of the seedling. There was no soil buffer between the root systems of the 

planted trees and the fertilizer tablets. The two granular fertilizers were broadcast on the 

surface after the seedlings were planted. The two broadcast treatments were calibrated to 

deliver equal amounts of total N and P (Table 3.5). The two tablet methods also delivered 

equal amounts of N and P, however, the amount of N and P applied with the tablets was 

significantly less than the broadcast treatments. The IBDU Tab treatment delivered 3 g of 

N and 1.33 g of P per seedling while the MU Tab treatment delivered 3 g of N and  .65 g  

P per seedling. Both broadcast treatments delivered 14.6 g of N and 16.0 g of P per 

seedling (Table 3.5). 
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Table 3.5. Nutrients applied by each fertilizer treatment, at the old-field site (Critz, VA) and the cut-over site (Dillwyn, VA). 
 
 
 

 

 
                 MU tablets               IBDU tablets                 DAP granular                MU granular

per per per per per per per per
seedling hectare seedling hectare seedling hectare seedling hectare

(g) (kg) (g) (kg) (g) (kg) (g) (kg)
N 3.00 8.30 3.10 8.58 14.56 40.30 14.56 40.30
P 0.65 1.80 1.33 3.68 16.00 44.32 16.02 44.32
K 0.66 1.83 0.60 1.66 - - - -

Ca 0.27 0.75 1.02 2.82 - - - -
Mg 0.38 1.05 0.68 1.88 - - - -
S 0.30 0.83 0.34 0.94 - - - -

Cu - - 0.02 0.06 - - - -
Fe 0.38 1.05 0.38 1.05 - - - -
Mn 0.30 0.83 0.08 0.22 - - - -
Zn 0.03 0.08 0.05 0.13 - - - -
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Weed Control Treatments  

 

Two weed control treatments were evaluated in the study: 

 

1)   No weed control, 

2)   Complete weed control using directed sprays of herbicides and mechanical                  

means (ie.. brush axe, machete, and gasoline powered brush trimmer) during the first two 

growing seasons. 

 

At both sites, Sulfometuron-methyl and Glyphosate were used to control the grasses and 

herbaceous vegetation in the weed control plots. These applications were repeated as 

often as was necessary to control competing vegetation during the first two growing 

seasons. Sulfometuron methyl was applied at a rate of 440 ml ha -1 on two occasions at 

both sites soon after stand establishment. A directed spray using a three-percent 

concentrate solution of glyphosate and water was subsequently used to control 

herbaceous competition. 

 

A combination of mechanical control and higher doses of glyphosate herbicide were used 

to control stump sprouts, and other persistent woody vegetation and perennial weeds. 

Initially, stump sprouts and larger woody vegetation were treated with a five-percent 

glyphosate solution. Surviving stump-sprouts were severed and sprayed with a 50/50 mix 

of glyphosate and water. 

 

 

Study site description: 

 

Two installations of this study were installed in the Piedmont region of Virginia. Site one 

was established at Virginia Tech’s Reynolds Homestead Research Center, near Critz, 

VA. The site was an old-field site dominated by a heavy stand of fescue. The soil was a  
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Cecil series (fine kaolinitc, thermic Typic Kanhapludult)(Table 3.6). The soil series is 

characterized as deep, well drained, and moderately permeable, formed in residuum of 

felsic, igneous and high-grade metamorphic rock on Piedmont uplands (NRCS, 2003). 

The site was located on a broad, gently sloping ridge with a southern aspect and a 5% 

slope. An examination of the profile revealed a thin developing O horizon, and a very 

minimal to absent A horizon due to erosion, and clayey Bt horizons. The second study 

site was located on the Appomattox-Buckingham State Forest, near Dillwyn, VA. The 

site was located on a broad ridge as well with a southern aspect, and a slope of 5-7 %. 

The soil was a Georgeville – Mattaponi complex. The Georgeville (fine, kaolinitic, 

thermic, Typic Kanapludult) series dominated the lower third (block 3) of this tract due to 

slope position and absence of quartz gravel at the soil surface. This series is characterized 

as a very deep, well-drained moderately permeable soil, formed in mostly weathered fine 

grain metavolcanic rock (NRCS, 2003). The Mattaponi (fine, mixed, subactive, thermic 

Oxyaquic Hapludults) (Table 3.6) was present in the upper two thirds of the study site 

(blocks 2 and 3) due to the observations of high amounts of rounded quartz gravel 

content in the upper profile. The soil series is characterized as well drained, formed in 

fine and medium textured fluvial sediment (NRCS, 2003). An examination of the profile 

revealed a 5 cm A horizon, an 8 cm E horizon, and clayey Bt horizons. Beyond 60 cm in 

depth heavy clay was prominent. A mixed pine and hardwood site was clear-cut and site 

prepared by burning, during the late Summer and early Fall of 2001. It appears to have 

been a high intensity burn, as evidenced by the presence of many spots of bare mineral 

soil at the time of planting.  

 

At each site, the study area was divided into three blocks to account for the variability in 

site conditions. The blocking was done primarily to deal with variations in slope 

position/aspect and soil rockiness at Critz and Dillwyn, respectively. Three blocks of ten 

plots were established at each of the sites.  
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Table 3.6. A Comparison of chemical properties of  the surface 15 cm of soil at both field 
study sites. 

 
 

 

 

 

 

 

 

Old-field site Cut-over site
Critz, VA Dillwyn, VA

(Cecil series) (Georgeville-Mattopini
complex)

(mg kg -1) (mg kg -1)
Total N 725 805
Total C 8730 20355

pH 4.9 5.2

extractable P 3.5 1
extractable K 33 54.5
extractable Ca 244.5 192.5
extractable Mg 47.5 34.5
extractable Zn 1.5 0.9
extractable Mn 3.2 45
extractable Cu 0.4 0.4
extractable Fe 15.8 99.7
extractable B 0.2 0.2



 35

Thirty plots were established at each site (three blocks of ten). Treatment plot dimensions 

at each site were 10 meters by 10 meters (.02 hectares). Corners were marked with short 

sections of cut PVC pipe. Seedlings were hand-planted in March 2002, on a three meter 

by one and one-half meter spacing, so that each plot contained 28 seedlings. The buffers 

and alleys between plots were planted on the same spacing.  The source of seedlings was 

the same as used in the greenhouse study ( Westvaco Corp.- WV-114).          

 

 Data Collection/ Measurements 

 

Growth measurements 

 

All seedlings in the plots were measured after planting, including height and ground-line 

diameter. Ten seedlings in each plot were selected randomly and measured monthly 

throughout the first and second growing seasons. All surviving seedlings were measured 

at the end of the first and second growing seasons (2002 and 2003). The final 

measurements in 2003 took place around the first of October of 2003. 

 

Foliage Sampling 

 

Foliage samples were taken from 10 randomly selected seedlings in each plot on three 

occasions during each growing season,  (May 22, July 7, and August 28, of  2002 and 

June 15,  July  26, and August 30, of 2003). In randomly choosing ten seedlings for 

foliage sampling, seedlings that were originally designated for monthly measurements 

were excluded.  Five fully elongated and mature needle fascicles were collected from 

each seedling (50 fascicles total per plot). Fascicles were collected from as high on the 

main stem as possible. The foliage was then dried for 24 hours at 65 C and ground to pass 

a 2-mm sieve using a small Wiley mill. Following a second drying for 24 hours it was 

analyzed for nutrient concentrations (N, P, K, Ca, Mg, S, Mn, Zn, Cu and B) as described 

earlier. 
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Measurements of competing vegetation 

 

The amount of competing vegetation present was measured in the plots not receiving 

weed control (including the check, IBDU tablets, DAP, and granular MU treatments). 

The objective was to determine the effect of fertilization on growth of competing 

vegetation and determine if fertilizer placement affected the growth of competing 

vegetation. In IBDU Tab, control, MU Gran and DAP Gran treated plots that did not 

receive weed control, five trees were selected at random, and a sampling area of .25 m2  

due east of the tree was established. To estimate the level of herbaceous competition, all 

of the herbaceous vegetation was clipped to ground level and collected. The material was 

then returned to the lab and dried and weighed to determine biomass weight. Mean dry 

weights were then used to compare levels of herbaceous competition among  the four 

treatments. The level of woody competition was calculated by estimating the total length 

of woody stems originating or residing above the original herbaceous sampling plot, by 

ground line diameter class. The degree of competition from woody stems was estimated 

by calculating the sum of the total height of competing woody vegetation.  

 

Statistical analysis 

 

Total height, diameter and volume were analyzed by Analysis of Variance using the 

JMPTM  platform by SAS institute (SAS, Cary, NC). Mean comparisons were done using 

Fisher’s LSD at an alpha level of 0.10. 
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Chapter 4 
 

Critz Greenhouse Pot Study 

 

 

 

Abstract 
 
A greenhouse pot study was established to evaluate the response of loblolly pine (Pinus 

taeda L.) seedlings to fertilization with various forms of soluble and controlled release  

nitrogen. Bare root loblolly pine seedlings were planted in pots containing soil from 

Clymer series soil (coarse loamy, siliceous, active mesic Typic Hapludult) and grown for 

two years. Five fertilizer treatments were evaluated; 1) check with no fertilizer; 2) 

granular ammonium nitrate (10-10-10 + micro-nutrients) applied to the soil surface (AN 

Gran); 3) granular methylene urea (40-0-0) applied to the soil surface (MU Gran); 4) 

methylene urea (20-10-5) in tablet form applied in the planting hole (MU Tab); and 5) 

isobutylidenediurea (9-9-4) in tablet form applied in the planting hole (IBDU Tab). 

Fertilizer rates were adjusted to deliver 1.5 g of N to each pot. Height and root collar 

diameter were measured for two years. Root collar diameter and seedling volume were 

significantly greater in the AN Gran. treatment at the end of the first growing season. 

Seedlings in pots receiving ammonium nitrate were 75 % greater in volume and 22 % 

greater in root collar diameter than the check seedlings at the end of the first growing 

season. None of the controlled release N formulations were significantly different than 

the check at any point in the experiment. In late July of  second growing season, volume 

and diameter in AN Gran treated seedlings were significantly different than all other 

treatments. However, in October 2003, the differences were no longer significant, 

although seedlings treated with AN Gran. were still 66 % greater in volume than the 

check seedlings. Analysis of the slope of transformed growth curves for the 2003, 

indicated that the curve of the AN Gran treated seedlings was significantly steeper that all 

other treatments. The lack of response of the IBDU tablet was likely due to the slow 

decomposition of the fertilizer tablet. At the end of the second growing season 74 % of 



 38

the original mass of the IBDU tablet remained. Twenty to 30 % of the original mass of 

the MU tablet remained at the last sampling. It appears from an evaluation of root growth 

architecture that the salt levels around the MU tablets may have inhibited seedling root 

development in the area of the tablet. In spite of slow decomposition of the IBDU 

fertilizer tablets, seedling volume was 21 % greater than the check. This suggests that 

longer-term growth increases of seedlings might be expected in these treatments. The 

lack of growth response in the MU Gran treatment may have been an artifact of the pot 

study. During the watering of the pots, some of the insoluble MU fertilizer granules were 

washed to the side of the pots. As the MU granules dissolved, much of the N may have 

been lost with water that preferentially flowed down the side of the pots.      

  

4.1 Introduction 
 

The land base for timber production in the world is shrinking due to development, 

conversion to agriculture and harvesting without provision for regeneration (FAO, 2003). 

In the US there have been dramatic reductions in the amount of timber cut from the 

National Forest system (US Forest Service, 2000).  Timber harvested on these forests 

declined more than three fold from 1987 to 1999. This has had an appreciable effect on 

private lands, displacing much of the harvesting activity to private lands to meet the 

increasing demand for timber products. Improving the technology of growing timber in 

intensive management regimes is therefore needed to meet the increasing demand for 

wood from a shrinking land base. 
 

The soils where southern pine is grown in the southeastern portion of the United States 

are typically infertile. Nitrogen, P , and in some cases K and micronutrients (NCSFNC, 

2001) are the main limiting nutrients on these sites. In most cases productive fertile lands 

have been pre-empted for agriculture or other uses. Land designated to grow timber will 

presumably have to produce fiber in an optimal way, and this will be accomplished by 

employing intensive silvicultural systems that in most cases include the use of fertilizers.  
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The use of fertilizer to increase growth in pine plantation is widespread in the South. In 

2001 approximately 320,000 hectares of pine were fertilized at mid-rotation with N or P 

(NCSFNC, 2002). The response of Southern pine stands to mid-rotation fertilization has 

been well documented. Fertilization has consistently produced accelerated growth 

responses for 5 to 10 years on a variety of soil types (Jokela and Stearns-Smith, 1993, 

Amateis et al., 2000, NCSFNC, 2002, Bolstad and Allen, 1987). Gains from fertilization 

can be 1.4 - 2.1 cubic m3 ha-1 yr -1 per year for five to eight years (Allen, 1987). 

 

Fertilization of pine plantations at establishment has historically focused on correcting P 

deficiency on wet, clayey soil types in the Coastal Plain of the southeastern U.S.. 

Approximately 20,000 hectares of forestland was fertilized at stand establishment in 2001 

(NCSFNC, 2002). Fertilizing P deficient sites can improve site index by 2.4 - 4.6 meters 

in 25 years (Allen, 1987). Volume gains of 14.2 m3 ha -1 in loblolly pine 10 years after 

establishment were realized after a 280-kg ha -1 application of diammonium phosphate 

(DAP) (18-46-0) (NCSFNC, 1991).  A single application at planting is usually sufficient 

to alleviate P deficiency problems during the complete rotation (Allen, 1987). 

 

It has been commonly held that N availability is not a limiting factor in the first several 

years of a plantation due to the addition of large amounts of organic residues or slash and 

improvement of conditions affecting decomposition and N mineralization following 

harvesting and site preparation. Intensive site preparation that includes soil tillage tends 

to improve mineralization of N by improving soil aeration, raising soil temperature and 

incorporating organic material into the mineral soil (Burger and Pritchett, 1984, Haines et 

al. 1999, Langdon and McKee, 1991).  

 

Although N availability may be adequate in certain stands after site preparation it 

decreases rapidly as canopy closure approaches (Jokela and Long, 2000). The high 

demand for nutrients during rapid tree growth and crown expansion in young pine stands 

often leads to N deficiencies (Allen, 1987). Once the canopy closes, pine needle litter 

rapidly accumulates on the forest floor, which immobilizes N and slows N cycling 

(Bowen and Nambiar, 1984). Piatek and Allen (2001) demonstrated that as fresh needles 
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accumulate on the forest floor, they become a sink for N, accumulating N from 

decomposition of older foliage and possibly the soil itself via fungal hyphae.   

 

Fertilizers containing substantial amounts of N are not commonly applied at plantation 

establishment. In several studies where a combination of N and P was applied at stand 

establishment on several coastal plain sites in the Southeast, there have been promising 

results (Jokela et al., 2000, Colbert et al., 1990, Haywood et al.,1997, and Haywood and 

Tiarks, 1990). A balanced fertilizer application containing N, P, K, Ca, Mg, S and several 

micronutrients, without herbicide, yielded an eight-fold increase over controls in eleven 

years for Colbert and co-workers. (1990). Gent and co-workers (1986), compared P and 

N + P fertilizer applications in several lower Atlantic Coastal Plain sites at establishment, 

and found that both treatments were effective on soils somewhat poorly to very poorly 

drained. They found that the N plus P application was superior on poorly drained clays. 

Results favored P alone or were mixed on other sites. Will and co-workers (2002) 

observed significant current annual increment responses in all stands of loblolly pine, 

ages 5, 10 and 12 due to annual N fertilization at 40 kg N  ha -1over the life of the 

experiment. They also observed significantly greater foliage biomass in those stands. 

 

The use of controlled release fertilizers, especially N sources, is not as common in 

forestry as it is in the agriculture and horticulture industries. Controlled release fertilizers 

may offer several advantages to forest management that highly soluble fertilizers do not. 

Much of the N fertilizer applied in soluble form such as ammonium nitrate, diammonium 

phosphate and urea can be lost before it can be utilized by the stand. The major pathways 

of loss are leaching and denitrification and possibly volatilization (Havlin et al. 1999). A 

controlled release N fertilizer form would in theory provide a better response than an 

equal amount of N in a highly soluble form, due to better fertilizer uptake efficiency. This 

would allow less fertilizer to be applied, which reduces the cost of fertilization. The use 

of controlled release fertilizers also reduces the risk of polluting surface and ground 

waters with nitrates (Wang and Alva, 1996, Zekri and Koo, 1991, Nash et al., 1988), 

although contamination from forest fertilization is not common. The use of IBDU and 

controlled release fertilizers are common in the horticulture field, even though they are 
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considerably more expensive than soluble formulations. Some of the benefits are a 

continual and regular supply of nutrients to the plant over long periods of time, decreased 

leaching losses (Mikkelson et al., 2001), decreased root and seed damage due to salt, and 

improved logistics. IBDU is very effective in maintaining turf color quality and stand 

density of sports turf with limited applications, using less fertilizer. Woolhouse (1984) 

reported better growth and better consistency in quality, comparing IBDU with 

ammonium sulphate. Using the same rates, IBDU was applied half as many times as 

ammonium sulphate. He also observed an excellent carryover effect with late season 

applications of IBDU. It has also been shown that soil texture affects the dissolution rate 

of IBDU itself, with faster breakdown in sandy soils than those dominated by clay. IBDU 

is also used in facilities where previously high rates of soluble fertilizers caused problems 

with degradation of water quality. IBDU has been demonstrated to provide identical 

growth responses with better quality at much lower rates of application in several studies 

involving citrus production and horticultural nurseries (Khalaf and Koo, 1983). In the 

study done by Khalaf and Koo (1983) only 1 % of applied N as IBDU was lost in 

leachate. In urban areas, such as parks, IBDU is used increasingly due to environmental 

concerns of park managers, and increasing public concerns over water pollution (Moore, 

1997). 

 

Little information on the effectiveness of controlled release fertilizers in forestry exists. 

Mitsubishi Chemical Company (1981) demonstrated that use of Isobutylidenediurea 

(IBDU) tablets containing high rates of  IB-N were not phytotoxic to seedling root 

systems of Hinoki FalseCypress (Chamaecyparis obtusa Endl.), and Japanese 

cryptomeria (Sugi) (Cryptomeria japonica D.Don.) and that N uptake was greater than 

from soluble sources. In an experiment looking at survival and growth of pitch (Pinus 

rigida L.) X loblolly hybrids on reclaimed mine soils amended with various types of 

organic matter and fertilizers, trees on plots amended with sawdust and 336 kg ha -1 of 

isobutylidenediurea (IBDU) had the best growth response of any treatment, and a 67 % 

increase over the control (Moss, Burger and Daniels, 1989).  
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Objectives of this study were to compare nutrient uptake, and root and shoot growth of 

loblolly pine seedlings fertilized with controlled release N compared to a conventional 

soluble N source (ammonium nitrate). Another objective was to evaluate the effect of the 

in-ground controlled release fertilizer treatments on the seedling root system. 

 

 

4.2 Methods and Materials 

 

The study evaluated five fertilizer treatments, including a non-fertilized check, one 

surface applied granular controlled release fertilizer, and two controlled release fertilizers  

in tablet form. The treatments applied were: 

 

1. Untreated control. 

2. One 17-g IBDU fertilizer tablet applied in the planting hole (IBDU Tab). 

3. One and a half 5-g  MU fertilizer tablets applied in the planting hole (MU Tab). 

4. 4 g of  granular MU broadcast on the soil surface (MU Gran). 

5. 15 g of 10-10-10 fertilizer + micronutrients broadcast on the soil surface (AN 

Gran). 

 

 

 

The four fertilizer treatments were designed to deliver the same amount of N to each pot 

(Table 4.1 ).  

 

The 17-g IBDU-tablets and the MU Tablets with the trade name of NutraleneR are slow 

release formulations manufactured by Nu Gro Technologies. IBDU (9-9-4) depending on 

the size of the granule is 85-90% water insoluble. The MU Gran product (NutraleneR)(40- 
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Table 4.1. A comparison of macro and micronutrients provided by treatment, in the 
greenhouse study, 2002. 

 

 

 

 

 

 

 

 

 

 

Nutrients provided IBDU tablet MU tablets Granular MU Granular AN 
(grams/pot) (9-9-4) (20-10-5) (40-0-0) (10-10-10) 

(g) (g) (g) (g)
N 1.53 1.5 1.5 1.5
P 0.65 0.32 0 0.65
K 0.56 0.32 0 1.25

Ca 0.51 0.135 0 0.188
Mg 0.34 0.188 0 0.113
S 0.17 0.15 0 0.45

Cu 0.01 0 0 0.038
Fe 0.17 0.188 0 0.6
Mn 0.039 0.15 0 0.094
B 0 0 0 0.004

Mo 0 0 0 0.002
Zn 0.024 0.014 0 0.038
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0-0) is typically used for turf maintenance and horticultural applications.  It is a reacted 

methylene urea polymer, which is 15 % occluded urea for quick release of N, 50 % short 

chain MU polymers which releases N from four to ten weeks after application, and long 

chained MU polymers which releases N from nine to sixteen weeks. The slow release 

mechanism of the MU formulations are governed by microbial action on the urea in the 

product. IBDU release is governed primarily by soil moisture and to a lesser extent soil 

temperature (Zekri and Koo, 1991, Nu Gro, 2001)   

 

Two problems were experienced with the MU Gran product; 1) P and  K and 

micronutrients fertilizer additions were not included as originally planned and; 2) 

potentially a portion of the fertilizer granules were washed from the surface of the pots 

and escaped through drainage holes at the base of the pot. Growth results from the MU 

Gran treatment are questionable and will not be emphasized in results or the discussion. 

 

Experimental Design 
  
Research was conducted at the Reynolds Homestead Forestry and Wildlife Research 

Center at Critz, Virginia. A randomized, complete block design was used with 11 

replications of five fertilizer treatments. Seedlings from a single family of Loblolly pine 

(WV-113) were obtained from the Mead-Westvaco Corporation. Fifty-five seedlings of 

uniform size were planted in 30-liter pots, filled with a mixed A and B  

horizon soil from Clymer series soil (coarse loamy, siliceous, active mesic Typic 

Hapludult) on February 15, 2002. Soil was screened for coarse fragments, roots and large 

organic matter using a 10-mm sieve. The pots were fertilized at planting with the 

treatments previously described. While in the greenhouse, seedlings received a 16-hour 

photoperiod through natural light and sodium vapor lighting. The pots were kept well 

watered throughout, receiving approximately 5 cm of water when the soil surface became 

dry. The seedlings were grown in the greenhouse for ten months, from February 2002, 
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until December 2002, and then transferred into a sheltered outdoor facility with 

transparent fiberglass roofing and slatted walls, inducing dormancy. The pots were then 

returned to the greenhouse in February 2003 to resume growth. Beginning in June the 

tree pots were moved outdoors and grown under ambient weather conditions until final 

harvest at the end of the second growing season. Total length of the experiment was 19 

months, including the dormancy period, which was approximately three months. 

 

The study was intended to last only one growing season. However, when it was evident 

that the controlled release tablets were not dissolving rapidly, it was decided to continue 

the study for a second year to allow the tablets to dissolve and obtain longer-term growth 

reponses.  

 

Soil Analysis 

 

Prior to planting, soils samples were air dried and ground to pass a 2-mm sieve and 

analyzed as follows: Soil pH was determined in a 2:1 mixture of distilled water and soil 

using a glass electrode. Total C and N content was determined using a Vario Max CNS 

analyzer (Elementar Analysesysteme GmbH, Hanau, Germany). Phosphorous, K, Ca, 

Mg, Zn, Mn, Cu, Fe, and B contents were determined following extraction with Mehlich 

III extractant (NCDA&CS, 2003) using inductively coupled plasma spectrometry on a 

SpectroFlame Modula Tabletop ICP with auto-sampler (Spectro Analytical Instruments, 

Inc. Fitchburg, MA) (Table 4.2).    

 

Seedling measurements: 

 

Initial root collar diameter and height of each seedling were measured at planting.  

Seedlings were re-measured at two-week intervals from February 2002 until September 

2003 except between December 2002 and March 2003 when the seedlings were dormant.  
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Table 4.2 Chemical analysis for Clymer series soil used as a growth medium in the 
greenhouse pot study. 

 

 

 

 

 

 

 

 
  

Clymer series

(mg kg -1)
Total N 805
Total C 15295

pH 4.4

extractable P 1
extractable K 89

extractable Ca 122
extractable Mg 41
extractable Zn 1.2
extractable Mn 32.5
extractable Cu 0.4
extractable Fe 34
extractable B 0.2
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Beginning at the end of March 2002, a randomly selected block was harvested to measure 

root (all parts below root collar) biomass and shoot (all parts above root collar) biomass 

and root characteristics on March 14, 2002, April 27, 2002, May 29, 2002, and 

September 20, 2002. Total root and shoot biomass portions of the seedlings were 

collected, dried, weighed and analyzed for P, K, Ca, Mg, S, Cu, Fe, Zn, and B by spectral 

analysis of elements using inductively coupled plasma spectrometry (SpectroFlame 

Modula tabletop ICP with auto-sampler, Spectro Analytical Instruments, Inc., Fitchburg, 

MA). Nitrogen and C concentrations were determined using a Vario Max CNS analyzer 

(Elementar Analysesysteme GmbH, Hanau, Germany).  

 

The analysis of the root system at each destructive sampling date included general 

orientation and architecture. Roots were carefully separated from the soil, washed, re-

positioned and photographed. Pots receiving IBDU tablets or MU tablets were carefully 

examined in order to document the proximity of roots and the intimacy of any contact 

with the buried fertilizers. The remains of the IBDU briquettes were recovered, dried and 

weighed to determine the extent of the decomposition. Only a visual estimation of the 

remains of the MU tablets was done due to the difficulty in recovering the tablets, which 

became very fragile and became fragmented during the extraction process and were 

dispersed, and thus very difficult to accurately document with photographs. In the 

replication destructively sampled on July 17, 2003, seedling root systems were measured 

for total root length, surface area, and number of tips using software manufactured by 

Win-Rhizo Inc.. (Quebec, Canada) The device uses a photographic scanner to perform 

root measurements. 

 

In 2003, destructive sampling occurred at July 25, 2003 and September 20, 2003. At the 

last destructive sampling in September 2003, three blocks were sampled. Nutrient 

composition and content analysis procedure changed slightly in 2003. Only roots and 

foliage were analyzed in 2003, due to the size of the trees being destructively sampled. 

Only N composition and content were determined for these parts in 2003 due to the 

consistent lack of significant changes in other nutrients during the 2002-growing season. 
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In all of the 2003 destructive samplings, above and below ground parts were analyzed for 

total biomass, as in 2002.  

 

Vector analysis is another approach of evaluating nutrient status in foliage (Timmer and 

Stone, 1978) that was applied in 2003. Vector analysis goes beyond critical element 

concentration levels to compare changes in element content (g 50 fascicles-1) and foliage 

biomass due to treatment, in an integrated fashion. It is an effective way to factor out the 

dilution effect and other confounding effects experienced in forest stands (van den 

Driessche, 1991). Impacts on normalized biomass weights, N concentrations and N 

contents were compared on a vector diagram. A diagnosis of a nutrient deficiency would 

be indicated by a simultaneous increase in concentration, content and biomass, of some 

magnitude (Haas and Rose, 1995) due to fertilizer treatments. 

 

IBDU tablets were collected at each destructive sampling and were dried and weighed in 

order to track decomposition. The extracted tablets were dried for 48 hours at  60 o C.  In 

November of 2002  200 IBDU tablets were buried in Cecil series soil in the vicinity of 

the greenhouse to study decomposition on a native Piedmont soil. At one-month intervals 

eight tablets were randomly extracted and dried, then weighed to estimate decomposition 

rate. The data was analyzed using linear regression (Sall, Creighton and Lehman, 1999) 

to estimate a decomposition equation.  

 

Statistical analysis 

 

Total height, diameter, volume, growth curve slopes and biomass were analyzed by 

Analysis of Variance using the JMPTM  platform by SAS institute (SAS, Cary, NC). Mean 

comparisons were done using Fisher’s LSD at an alpha level of 0.10.  

 

Log transformed volume growth curves for the fertilizer treatments were compared. 

Selected pairs of  fertilizer treatment curves were compared using the principle of 

conditional error (Swindell, 1970) at an alpha level of  0.05. Pairs were selected based on 

the observed relationship among treatments. The error sums of squares of the selected 
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plotted treatments were compared to the sum error sums of squares of both using an F  

test. The test statistic for this procedure is given by: 

      

 

          (SSE*-SSE)/(f*-f) 

                              F =         

         SSE/ f 

 

Where SSE * is the error sums of squares for the full regression including both of the 

treatments being compared; f* is the error degrees of freedom for the full regression; SSE 

is the pooled error sums of squares for the individual treatment models; and f is the 

pooled error degrees of freedom of the individual treatment models. This test statistic is 

compared with an F value with (f*-f) degrees of freedom in the numerator and f degrees 

of freedom in the denominator. This procedure tests for differences between treatments 

by comparing the overall regression rather than differences between individual pairs of 

data points, or for slope or intercept individually.   

  

4.3 Results 

 
Seedling height, diameter and volume 
 
Fertilization treatments significantly affected seedling root collar diameter and volume at 

the end of the first growing season (Table 4.3). Diameter and volume for AN Gran 

treated seedlings were significantly greater than seedlings receiving the IBDU Tab and 

the check treatments. At the end of the first growing season seedling root collar diameter 

for AN Gran treated seedlings (12.9 mm) was significantly greater than the check (10.6 

mm), IBDU Tab (11.5 mm), and MU Gran (11.7 mm) (Table 4.3). Seedling volume for 

AN Gran treated seedlings (112 cm3) was significantly greater than the check (63.9 cm3), 

IBDU Tab (77.4 cm3), and MU Gran (86.1 cm3) at the end of the first growing season 

(Table 4.3). Heights were not significantly affected by the fertilizer treatments in 2002 

(Table 4.3). At the end of the second growing season there were no significant  
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Table 4.3. Impacts of fertilization treatments on seedling height, diameter, and volume after the 2002 and 2003 growing seasons. 
Means are presented with one standard error. Means followed by the same letter by column are not significantly different at the 0.10 

level. Fisher’s LSD. 
 

 

 

 

 

 

Root Collar Total Height Volume (d2h)
year one year two year one year two year one year two

Fertilizer mean (se)  mean (se) mean (se)  mean (se) mean (se)  mean (se)
(mm) (mm) (mm) (mm) (cm) (cm) (cm) (cm) (cm3) (cm3) (cm3) (cm3)

Control 10.6 +/- 0.5 a 20.2 +/- 1.1 a 55.9 +/- 2.4 a 123.8 +/- 5.1 a 63.9 +/- 8.0 a 509.7 +/- 54.4 a
IBDU tablet 11.5 +/- 0.4 a 21.6 +/- 1.0 a 57.3 +/- 1.9 a 129.2 +/- 11.8 a 77.4 +/- 6.9 a 625.9 +/- 95.0 a
MU tablet 12.0 +/- 0.5 ab 22.7 +/- 1.4 a 60.3 +/- 3.1 a 128.4 +/- 3.5 a 88.2 +/- 9.7 ab 678.3 +/- 104.6 a

MU granular 11.7 +/- 0.8 a 22.0 +/- 1.8 a 59.0 +/- 3.1 a 132.2 +/- 6.0 a 86.1 +/- 15.9 a 671.6 +/- 133.7 a
AN (as 10-10-10) 12.9 +/- 0.9 b 24.1 +/- 1.3 a 62.5 +/- 4.3 a 141.8 +/- 7.6 a 112.0 +/- 19.8 b 849.0 +/- 125.0 a
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differences in root collar diameter, total height or seedling volume (Table 4.3). However 

seedling volume in the AN Gran treatment was still 66 % greater than the check, 849 cm3 

vs 510 cm3, respectively. 

 

An analysis of variance was performed on seedling height, root collar diameter, and 

volume at each sampling date between the last sampling date of 2002 and the final 

measurements collected in 2003 (Figures 4.1, 4.2 and 4.3). A significant difference in 

root collar diameter and volume between  fertilizer treatments was detected on June 25, 

2003 (day 495) and July 27, 2003 (day 525)(Figures 4.1 and 4.3). Mean volume and 

diameter for the AN Gran treatment was significantly greater than all other treatments on 

those dates. In June (day 495), volume in AN Gran treated pots (568 cm3 ) was 90 % 

greater than in the control pots (299 cm3  )(Figure 4.3). In June root collar diameter in the 

AN Gran treated pots (19.9 mm) was 18 % greater than in the control pots (16.8 

mm)(Figure  4.1 ). In July (day 525), volume in the AN Gran treated pots (669 cm3) was 

86 % greater than volume in the control pots (360 cm3)(Figure 4.3). In July, root collar 

diameter in AN Gran treated pots (21.6 mm) was 24 % greater than in the control pots 

(17.4 mm)(Figure 4.1 ). Height differences were not significant at either of these 

observations, or at any point in 2003. (Figure 4.2).  

 

The analysis of the log transformed growth curves using the principle of conditional error 

(Swindel, 1970) showed that the growth trend of the AN Gran treated seedlings was 

significantly different than all other treatments (Figure  4.3) (Table 4.4) Contrasted pairs 

were selected based on the observed relationship among the treatments (Figure 4.3). AN 

Gran was contrasted with the Control, because the plotted growth curves of these 

treatments appeared to have the best odds of being significantly different (Figure 4.3), 

and they indeed were significantly different. AN Gran was contrasted with MU Gran 

which appeared to have the most comparable growth curve to AN Gran, and the pair was 

also found to be significantly different (Table 4.4). From this information and an 

additional contrast it was concluded that the growth trend of AN Gran was significantly 

different than all other treatments. MU Gran and control were contrasted to detect 

potential differences among the other treatments and the control, however they were  
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Figure 4.1 Mean Root Collar diameter of loblolly pine seedlings from February 14, 2002 to September 25, 2003, as affected by 
fertilization. P values ( and n) are presented for the last measurement in 2002, and at each monthly measurement in 2003. The break in 

the plotted lines represents the period of dormancy. 
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Figure 4.2. Mean Seedling height of loblolly pine seedlings from February 14, 2002 to September 25, 2003, as affected by 
fertilization. P values ( and n) are presented for the last measurement in 2002, and at each monthly measurement in 2003. The break in 

the plotted lines represents the period of dormancy. 
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Figure 4.3. Mean volume of loblolly pine seedlings from February 14, 2002 to September 25, 2003, as affected by fertilizer 
treatments. P values (and n) are presented for the last measurement in 2002, and at each monthly measurement in 2003. The break in 

the plotted lines represents the period of dormancy. 
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Table 4.4. Results from conditional analysis of log transformed growth curves at the Critz 
Greenhouse Study. 

 

 

 

 

 

 

 

 

 

Contrast F value p value

AN Gran vs Control 9.32 0.01

AN Gran vs IBDU Tab 5.38 0.01

AN Gran vs MU Gran 5.85 0.01

MU Gran vs Control 2.78 >.05

MU Tab vs IBDU Tab 0.17 >.05
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found not to be significantly different. Due to the apparent similarity of the MU Gran 

curve to the other controlled release fertilizer treatment curves, none of these treatments 

were contrasted with the Control and were assumed to have the same growth trend. 

 

Shoot and Total Biomass  
 
 
At the end of the second growing season mean shoot biomass ranged from 127.6 g in the 

check treatment to 190.0 g in the AN Gran treatment, which represented a difference of 

48 %, however, this difference was not significant (Table 4.5). Total biomass (including 

roots and shoots) ranged from 169.4 g for the control to 245.0 g for the AN Gran 

treatment after two growing seasons, representing a difference of 45 %, although again 

not significant. 

 

Root to shoot ratio and root characteristics 

 

Root to shoot ratio declined for all treatments over the course of the investigation in 2002 

and 2003 (Table 4.6). Note that all observations prior to the last measurement of root to 

shoot ratios were based on a single replicate. In photos labeled “B” (Figures 4.4-4.7) one 

can observe the root development of a single replicate as of mid July of the second 

growing season (2003), where dry root weights ranged from 26.0 g for the IBDU Tab 

treatment to 56.8 g for the AN Gran treatment (Table 4.7), which represented a difference 

of  118 %. Root biomass in October 2003, ranged from 41.9 g in the check to 55.0 g in 

the AN Gran treatment, representing a difference of  31 %, although not significant 

(included three replicates). In photos labeled “D” in Figures 4.4 to 4.7, root development 

at the October 2003 harvest can be observed for the four fertilizer treatments. After two 

growing seasons N concentration in roots ranged from 8097 mg kg-1 for IBDU tablets to 

11347 mg kg-1 for the MU granular treatment, although the difference was not significant 

(Table 4.8). 

 

At each of the destructive harvests, root systems of the AN Gran treated seedlings were 

best developed and most extensive (Figure 4.4-4.7). Total root length in of the AN Gran 
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Table 4.5. Fertilizer impacts on shoot biomass, root biomass, and total biomass after two 

growing seasons, by treatment in the greenhouse study. Means followed by the same 
letter are not significant at the 0.10 level. Fisher’s LSD. 

 
 
 

 

 

Shoot Biomass Root Biomass   Total Biomass
Fertilizer mean (se) mean (se) mean (se)

(g) (g)  (g) (g)  (g) (g)  
Control 127.6 +/- 13.5 a 41.9 +/- 3.1 a 169.4 +/- 16.2 a

IBDU tablet 155.8 +/- 19.4 a 51.7 +/- 7.9 a 207.5 +/- 27.0 a
MU tablet 155.2 +/- 27.2 a 51.6 +/- 9.7 a 206.9 +/- 36.9 a

MU granular 150.8 +/- 22.8 a 51.0 +/- 2.0 a 201.7 +/- 24.8 a
AN (as 10-10-10) 190.0 +/- 18.9 a 55.0 +/- 7.8 a 245.0 +/- 26.5 a
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Table 4.6. Fertilizer impacts on root to shoot ratio by date at the greenhouse study, in 
2002 and 2003. Root biomass included all seedling parts below the root collar. Shoot 

biomass included all seedling parts above the root collar. 
 

 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Control IBDU MU MU AN
n tablet tablet granular granular

March 2002 1 0.61 0.58 0.55 0.58 0.36
April 2002 1 0.35 0.37 0.29 0.33 0.31
May 2002 1 0.34 0.25 0.22 0.31 0.34

September 2002 1 0.38 0.19 0.18 0.26 0.22
July 2003 1 0.21 0.23 0.28 0.27 0.28

September 2003 3 0.33 0.33 0.35 0.33 0.29
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Figure 4.4. Progression of root development in AN treated pots in the Greenhouse pot 
study, in 2002 and 2003. 

 
 

 

 

 

 

 

 

 

 

 

 

 

a) May 2002.      b) November 2002. 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

      c) July, 2003      d) October, 2003  
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Figure 4.5. Progression of root development in IBDU tab treated pots in the Greenhouse 
pot study, in 2002 and 2003. 

 

 

 

 

 

 

 

 

 

 

 

 

 

a) June 2002      b) November 2002. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

c) July 2003.      d) October, 2003 
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Figure 4.6. Progression of root development in MU tab treated pots in the Greenhouse pot 
study, in 2002 and 2003. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a) June 2002.      b)  November 2002. 

 

 

 

 

 

 

 

 

 

 

 

 

 

c) July  2003.      d) October 2003.  
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Figure 4.7. Progression of root development in the check pots in the Greenhouse pot 
study, in 2002 and 2003. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a) June 2002.      b) November, 2002. 

 

 

 

 

 

 

 

 

 

 

 

 

 

c) June 2003.      d) October 2003  
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Table 4.7. Impact of fertilizer treatments on root characteristics, in a randomly selected 
block destructively sampled on July 17, 2003. 

 

 
  

 

 

 

 

 

 

 

 

 

 

 

 

total surface mean root 
fertilizer n length area diameter tips weight

(cm) (cm2) (mm) (#) (g)
Control 1 3889 1858 1.52 5040 28.9

IBDU tab 1 3824 1899 1.6 5236 26
MU tab 1 4432 2187 1.27 4375 29.4

MU gran 1 5244 2481 1.58 6278 30.9
AN gran 1 8051 4122 1.69 8422 56.8
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Table 4.8. Fertilizer impacts on foliage only weight, foliage N concentration and content, and root N concentration and content after 
two growing seasons, by treatment in the greenhouse study. Means followed by the same letter are not significant at the 0.10 level. 

Fisher’s LSD. 
 

 

Foliage only
weight (g) Foliage N (mg/kg) Foliage N (g)   Root N (mg/kg) Root N (g)

Fertilizer mean (se) mean (se) mean (se) mean (se) mean (se)
(g) (g)  (mg/kg) (mg/kg) (g) (g) (mg/kg) (mg/kg)  (g) (g)

Control 68.15 +/- 6.13 a 15343 +/- 2788 a 1.02 +/- 0.14 a 10523 +/- 2363 a 0.440 +/- 0.099 a
IBDU tablet 77.72 +/- 11.08 a 13063 +/- 2794 a 0.97 +/- 0.11 a 8097 +/- 66 a 0.418 +/- 0.003 a
MU tablet 78.75 +/- 13.86 a 15493 +/- 1803 a 1.19 +/- 0.21 a 10390 +/- 1613 a 0.536 +/- 0.083 a

MU granular 72.39 +/- 13.99 a 14413 +/- 1230 a 1.01 +/- 0.10 a 11347 +/- 1758 a 0.578 +/- 0.090 a
AN (as 10-10-10) 90.15 +/- 5.82 a 13963 +/- 329 a 1.26 +/- 0.10 a 10520 +/- 602 a 0.579 +/- 0.033 a
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system in July 2003 (single replicate) was 8051 cm, 110 % greater than the control and 

54 % greater than the MU Gran treated seedlings which ranked second in total length 

(Table 4.7). In order to determine if placement of fertilizer affected nutrient  uptake, the 

relationship of the tree roots and fertilizer tablets was studied. The root systems of the 

MU tablet treated trees and the IBDU treated trees were markedly different in the 

intimacy of the contact between roots and the tablets. The salt indexes for MU tablets and 

IBDU tablets are, 25 and 5, respectively (Table 4.9), and may explain some of the 

difference in root and tablet contact between the two treatments. Beginning in June of 

2002, root systems had begun to form a mat of fibrous roots directly onto the IBDU tablet 

(photo A, Figure 4.5), while little to no contact was observed for the MU tablets at this 

time (photo A, Figure 4.6). During the last destructive harvesting in 2002, approximately 

one-third of the IBDU tablet was encased by a fibrous mat of roots (photo B, Figure 4.5). 

The IBDU root system represented in the November 2002 photograph (photo B, Figure 

4.5) was inadvertently washed and the tablet separated before it could be photographed. 

At the last two observations in 2003 the IBDU tablet was in most cases totally encased by 

a ball of soil and fibrous roots (photos C and D, Figure 4.6). Photos “B” , “C” and “D” 

(Figure 4.6) demonstrate a common root development characteristic in pots treated with 

MU Tab. The root system in general was distributed in a way that indicates that the area 

in the vicinity of the MU tablet was avoided, which is represented by the knife blade in 

these photographs. The contact of the root system with MU tablets in September of 2003 

was minimal with contact by only a few small lateral roots (not pictured).  To photograph 

the position and estimate the amount of remaining MU tablets, the soil was carefully 

searched around the root system. The remains were usually bleached of their original 

green color and were present in dispersed broken fragments due to the extraction process 

and this presented difficulties in attempting to accurately depict the tablet remains in a 

photograph, or collecting it for the purpose of weighing.  

 

The root system of one replicate sampled on July 2003 was analyzed for root 

architecture, root length, surface area and tips (Table 4.7). The root system of the tree 

receiving the AN Gran treatment had the greatest length and surface area and number of 

tips. The AN Gran treated pot also had the highest root mass of any of the treatments  
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Table 4.9. Salt Indexes for various fertilizer products (Hattori, 2001, AL Great Lakes 
Laboratories, 2003, and Glover, 1998). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fertilizer Salt Index

Ammonium nitrate 104
Urea 74
Potassium nitrate 69
Diammonium phosphate 29
Monoammonium nitrate 26
Isobutylidenediurea 5
Methylene-urea (liquid) 25
lime 5
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(Table 4.5). The IBDU treated pot had the lowest total root length, the second lowest 

surface area and root to shoot ratio (Table 4.7). This appears to be related to the intimacy 

of the contact between the tablet and the root system. Perhaps the complete encapsulation 

is allowing for more efficient acquisition of nutrients, allowing for less photosynthate to 

be devoted to root development.   

 

Foliage 

 

Foliage was separated from the other aboveground parts and compared in 2003, to assess 

the impacts of fertilization on foliage biomass production. Foliage biomass ranged from 

68.15 g for the control to 90.15 g for the AN treatment, a difference of 32 %, although 

not significant (Table 4.8) 

 

Foliage N concentrations and contents in foliage were not different among the fertilizer 

treatments after two growing seasons (Table 4.8) Treatment means for N concentration in 

foliage ranged from 15493 mg kg-1 in MU Tab treated trees to 13063 mg kg-1 in the 

IBDU Tab treatment. All treatments including the control fell within a sufficiency range 

of 12,000 to 20,000 reported by van den Driessche (1991) for conifer species.   

 

A vector analysis showed that N was not deficient. The MU tablet treatment increased N 

content and biomass considerably, while concentration of N remained unchanged, 

indicating sufficiency and a diagnosis that N was non-limiting in the soil (Haase and 

Rose, 1995, van den Driessche, 1991) (Figure 4.8). AN Gran increased foliage biomass, 

and N content, while N concentration decreased, due to the dilution effect, which also 

indicated  a diagnosis that N was non-limiting. These two treatments resulted in the 

highest magnitude vectors. AN Gran and the MU Tab treatments increased foliage weight 

by 33 % and 16 %, respectively, over the control (Table 4.8). The MU Gran and IBDU 

Tab treatments improved foliage weights by 6 % and 13 %, respectively, however the N 

concentration and content in these treatments fell indicating dilution, and again a 

diagnosis was that N was non-limiting in this soil (Haase and Rose, 1995).   
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Figure 4.8. Impact of fertilizer treatments on N concentration, content, and biomass of 
loblolly pine foliage at Critz, after two growing seasons, 2003. (Ο) control, (+) IBDU 

tablet, (X) MU tablets, (Y) MU granular, and AN (Z). 
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IBDU Tablet decomposition  

 

Mean initial weight of IBDU tablets was 17.6 g (Table 4.10) before placement in the pots 

in the greenhouse. The mean of the final two tablet weight observations, collected on 

September 15, 2003 was 11.3 g, representing a 36 % decrease in dry weight over two 

growing seasons, or 19 months. 

 

When it was apparent that the decomposition period of IBDU tablets was much longer 

than anticipated a decomposition study of  IBDU tablets was established in nearby native 

soils. The results indicated that full decomposition would take approximately two and 

one-half years based on periodic extractions and use of linear regression. The constructed 

linear model had an R2 value of .86 (P<.0001, F=104.2) (Figure 4.9). 

 

At the final destructive sampling, MU tablets were estimated to be 70 – 80 % dissolved 

over the same period of 19 months.  

 
 
4.4 Discussion 
 
 
A significant early fertilization response occurred in loblolly pine seedlings treated with 

the AN Gran treatment. The evidence gathered in the second growing season suggests 

that growth was still being significantly impacted by the AN Gran treatment, however it 

was apparent that the applied N was not impacting the growth response upon 

interpretation of the foliage data and vector analysis. Vector analysis indicated that 

foliage biomass increased 33 % in the AN Gran fertilizer treatment, indicating the 

response was attributable to added nutrients (van den Driessche, 1991), but it was likely 

due to a nutrient other than N. The AN Gran treatment, in addition to adding 1.5 g of N, 

added .65 g of P, and 1.25 g of K per seedling. Phosphorous may have impacted the 

response in light of the low amount of extractable P in this soil. The soil analysis 

indicated that extractable P was approximately 1 mg kg-1 in this soil, which is generally 

considered inadequate (Havlin et al., 1999). The AN Gran treatment also added Mo and  
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Table 4.10. Dry weights of extracted IBDU tablets, from the Greenhouse study. 
 
 

 

 

 

 

 

 

 

 

Date of
extraction replicate # Dry weight

(g)
1. baseline n/a 17.6

2. May 29, 2002 2 16.9
 

3. Sept. 20, 2002 9 17.0

4. Nov. 15, 2002 4 16.4

5. July 25, 2003 6 13.3

6. Sept. 20, 2003 11, 2 11.3
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Figure 4.9. Decomposition of  IBDU fertilizer tablet on Cecil series soil. Prediction 
equation estimated using linear regression. 
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B which were not provided by the other fertilizer treatments. Although a response to 

added N was not observed with this soil, there have been studies which have 

demonstrated response of loblolly pine to N alone and specifically AN at stand 

establishment. At a Piedmont site in Georgia, Edwards (1990) observed a 66 % increase 

in volume of loblolly pine after an application of AN at stand establishment, which was 

previously intensively site prepared, over a similar site where only intensive site 

preparation was done. Several studies have demonstrated significant responses in loblolly 

pine using fertilizers containing N and P and in some cases other nutrients applied at 

establishment on a variety of sites including Piedmont and upland sites ( McKee, 1986, 

Bolstad and Allen, 1987, Jokela et al. 2000).. 

  

The lack of significant growth response in the IBDU Tab treatment appears to be due to 

the small amount of nutrients released by the IBDU tablet. Based of dry weights of IBDU 

tablets collected at each of the destructive harvests, it was concluded that the IBDU 

tablets were only 36 % decomposed, after two growing seasons. Results from a 

decomposition study done by the authors on Cecil (fine kaolinitc, thermic Typic 

Kanhapludult) soil showed that full release of nutrients likely takes several years (Figure 

4.10). In another decomposition study with 19-g  IBDU tablets, Hammamota (1977) 

found that full release took more than three years. However, the IBDU tablets were 

consistently fully encapsulated by seedling roots by the end of the second growing 

season, apparently a result of the slow release mechanism of the IBDU tablet, which 

prevented a build-up of high salt levels in the immediate vicinity of the tablet. This 

observation agrees with Hammamota and coworker’s research (1977) in which they 

report no phytotoxic effect on seedling root systems with high rates of IBDU placed in 

contact with the root system at planting with Hinoki and Sugi spp.. 

 

In contrast to the present results, other studies have shown early growth responses to 

IBDU fertilizers. Rose and Ketchum (2002), observed significant volume responses after 

one growing season, due to IBDU tablet fertilization on sites with above average soil 
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moisture in a stand of Douglas fir (Psuedotsuga menziesii L.) and a stand of Western 

hemlock  (Tsuga heterophylla Sarg.) in the Pacific Northwest, demonstrating that 

importance of adequate soil moisture. The breakdown mechanism for IBDU is largely 

chemical hydrolysis. In Southern Australia, Nambiar and Cellier (1985) fertilized Pinus 

radiata L., with granular IBDU, buried in the soil approximately a meter from the planted 

seedlings on deep sandy soils and observed no impacts after three years. Perhaps 

applying the  fertilizer at this distance was too far to adequately impact nutrients levels in 

soil solution near the root systems of the planted seedlings.  

 

The MU  tablet was observed to have decomposed at a much faster rate than IBDU tablet. 

Total decomposition of MU tablets, is estimated to be approximately one year by the 

manufacturer, although observations from the most recent destructive sampling, in 

October 2003, revealed that the MU tablets were 70-80 % decomposed. 

If nearly 80 % of the product had been released, and considering all treatments provided 

an equal amounts of nutrients, one could reason that the response of MU Tab treated 

seedlings should have been comparable to that of the AN treatment. Apparently, the 

decomposition of the MU tablets which were also placed in direct contact with the root 

system, created high levels of dissolved salts around the MU tablet. Roots systems of the 

loblolly seedlings consistently avoided the MU tablets in the soil, and by the end of the 

study there were commonly no more than a few lateral roots within a two and one-half 

cm radius of the MU tablets. Damage to the root system can result from high salt levels in 

the root zone, which can de-hydrate, and damage developing root tissue, inhibiting root 

and top growth (Hattori, 2002). The salt index of MU tablet (25) is much higher than 

IBDU (5) (Table 4.9). Above 30 is considered damaging to plant tissue when placed on 

the soil surface. Both are much lower than AN (104) (Table 4.9), however AN was 

placed on the surface of the pot whereas MU and IBDU tablets were placed in close 

proximity to the developing seedling root systems. Root damage has been observed in 

another experiment, which placed controlled release fertilizers close to seedling root 

systems. Evaluating growth responses of Andorra juniper (Juniperus horizontalis 

Moench.) to controlled release N fertilizers using various placement methods, Hicklenton 

(1990) observed significant reductions of root and shoot biomass growth due to a dibbled 
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placement of a coated fertilizer (NutricoteTM) placed within several cm of the root 

system. The other controlled release fertilizer used in the study (OsmocoteTM), placed in 

the same manner did not affect the root system or top growth of juniper. In the same 

study, another species, Sarcoxie euonymus (Eunonymus fortunei Turcz.) was not 

adversely affected by any of the fertilizers or placement techniques. Considering the 

findings from this study and the study done by Kicklenton (1990), it appears that the 

placement of certain controlled release fertilizers close to root systems may be injurious 

to certain tree species.  

 

A possible contributing explanation for MU Tab’s poor performance was the fact that 

MU Tab treatment provided approximately one-half the amount of P that the other 

fertilizer treatments provided (AN Gran and IBDU Tab). As reported earlier the amount 

of extractable P in this soil was considered insufficient.   
  
 
4.5 Conclusion 

 

The pulse of available nutrients from the AN Gran caused a growth response in growing 

seasons one and two. These results suggest that a balanced fertilizer applied at stand 

establishment may be warranted on upland soil types in the Piedmont, and in the foothills 

of the Blue Ridge Mountains.   

 

The decomposition of IBDU tablet apparently takes much longer than two growing 

seasons in these conditions, and did not release an adequate amount of nutrients for a 

response in those treated seedlings. MU tablet decomposition was nearly complete by the 

end of year two, and it appears as though the soil surrounding these tablets was high in 

dissolved salts and inhibited root development which reduced nutrient acquisition.  

 

The root architecture in pots treated with IBDU tablets suggests that long-term efficient 

acquisition of nutrients is likely, due to the complete encasement of the tablet by root 

system. The placement of IBDU tablets at the root system without a soil buffer appears 
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safe. Considering the intimate contact between the root system and the tablet and its long 

decomposition period may indicate potential important growth responses in longer-term 

experiments. It is common for N to become deficient in pine plantations as growth and 

foliage expansion rates increase, and IBDU with its long decomposition period may be 

able to impact N supply when this occurs. A field study has been established to evaluate 

longer term responses to controlled release fertilizers, on native soils of the Piedmont 

region.  
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Chapter 5 

 
Evaluating Slow Release Fertilizers Applied at Loblolly Pine Stand Establishment 

 
 
 
 
 
Abstract 
 
 
Response of loblolly pine (Pinus taeda L.) to weed control and fertilization during stand 

establishment, using various formulations of conventional and controlled release nitrogen 

fertilizers was evaluated at two locations in the Virginia Piedmont. The first site was an 

old field supporting a thick stand of fescue. The second site formerly supporting a mixed 

pine, hardwood stand that was clear-cut and site prepared using a broadcast fire. Both 

sites were hand planted with 1-0 loblolly pine bare-root seedlings in March 2002. Second 

year results revealed significant diameter, height and tree volume growth responses due 

to complete weed control at both sites. At the old-field site, mean volume in weed control 

plots was seven fold to that in the plots not receiving weed control. Fertilizer did not 

affect growth at this site. A significant interaction between fertilizer treatments and weed 

control was detected at the recently cleared stand of mixed hardwoods and pine, 

reforested with loblolly pine.  DAP and the two of the controlled released fertilizers, MU 

granular and IBDU tablets, significantly impacted mean volumes when applied on plots 

also receiving weed control. IBDU tablets had better fertilizer efficiency, compared to the 

other products tested.  Foliage analysis using various approaches all indicated that P was 

deficient at the Dillwyn site.  

 
 
5.1  Introduction 
 

The land base, available for timber production is shrinking due to development, 

conversion to agriculture and timber harvesting (FAO, 2003). In the US there have been 

dramatic reductions in the amount of timber cut from the National Forest system (US 

Forest Service, 2000).  Timber harvested on national forests declined more than three 
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fold from 1987 to 1999. This has had an appreciable effect on private lands, displacing 

much of this harvesting to private lands to meet the continued demand for timber 

products. Therefore the productivity of remaining forestland must increase to meet the 

demand of forest products. Improving the technology of growing timber in intensively 

managed plantations is needed to accomplish this goal (Sedjo and Botkin,1997).  

 

The sites where southern pine is grown in the southeastern portion of the United States 

are typically infertile. Nitrogen, P, and in some cases K and micronutrients are the main 

limiting nutrients on these sites (Fisher and Binkley, 2002). In most cases more 

productive fertile lands have been pre-empted for agriculture or other uses. Land 

designated to grow timber must produce fiber in an optimal way, which frequently will 

require the use of fertilizers.  

 

The use of fertilizer in pine production is common in the Southeast. In 2001 

approximately 315,790 hectares of pine were fertilized at mid-rotation with N or N + P 

(NCSFNC, 2000). The response of Southern pine stands to mid-rotation fertilization has 

been well documented; consistently producing accelerated growth responses for 5 to 10 

years on a variety of soil types (Jokela and Stearns-Smith, 1993, Amateis et al., 2000, 

NCSFNC, 2002, Bolstad and Allen, 1987). Gains from fertilization with N and P at mid-

rotation can be 1.13 – 1.42 cubic meters per year for five to eight years (Allen, 1987). 

 

Pine plantation fertilization at establishment has historically focused on correcting P 

deficiency on wet clayey soil types in the Coastal Plain of the Southeast. Approximately         

263,157 hectares of land was fertilized at stand establishment in 2001 (NCSFNC, 2002) 

Fertilizing P deficient sites can improve site index by 2.44 – 4.57 meters in 25 years 

(Allen, 1987). Volume gains of 14.17 cubic meters in loblolly pine 10 years after 

establishment were realized after a 280 kg ha-1 application of diammonium phosphate 

(DAP) (18-46-0) (NCSFNC, 1991).  A single application at planting is usually sufficient 

to alleviate P deficiency problems during the complete rotation (Allen, 1987). 
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It has been commonly held that N availability is not a limiting factor in the first several 

years of a plantation due to the incorporation of large amounts of organic materials and 

improvement of conditions affecting decomposition and mineralization following 

harvesting and site preparation. Intensive site preparation that includes tillage treatments 

tends to improve mineralization of N, by improving soil aeration, raising soil temperature 

and incorporating organic material into the mineral soil (Burger and Pritchett, 1984, 

Haines et al. 1999, Langdon and McKee, 1991).  

 

Although N availability may be adequate in certain stands immediately after site 

preparation, it decreases rapidly as stands develop (Jokela and Long, 2000). N 

deficiencies frequently develop around the time of crown closure because rapid tree 

growth and leaf expansion increase demand for nutrients (Allen, 1987). Once the canopy 

closes, pine needle litter rapidly accumulates on the forest floor, which in itself slows 

nutrient cycling (Bowen and Nambiar, 1984). Piatek and Allen (2001) demonstrated that 

as fresh needles accumulate on the forest floor, they become a sink for N, accumulating 

N from decomposition of older foliage and possibly the soil itself via fungal hyphae.   

 

Although fertilizers containing N are not frequently applied at plantation establishment. 

The results of several recent studies examining N applied with P at stand establishment 

have been promising (Jokela et al., 2000, McKee and Wilhite, 1988, Gent et al. 1986). 

Most studies of N and P at establishment were conducted on sites in the Coastal Plain. 

For example, a balanced fertilizer application containing N, P, K, Ca, Mg and S plus 

several micronutrients, yielded an eight-fold increase over controls in eleven years on a 

Spodosol in Florida for Colbert and co-workers. (1990).  Gent and co-workers (1986) 

compared P and N + P fertilizer applications in several lower Atlantic Coastal Plain sites 

at establishment. They found both treatments effective on soils somewhat poorly to very 

poorly drained. They found that the N plus P application was superior on poorly drained 

clays. Results favored P alone or were mixed on other sites. Variable growth responses 

should be expected due to differences in inherent soil nutrient supply, and mineralization 

rates from organic materials. The organic matter content and nitrogen availability on 

many soils in the Piedmont is low and N deficiencies may develop more quickly on these 
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soils (Markewitz, et al., 1994). Loblolly pine is generally more responsive to N 

fertilization than other species (Jokela et al., 2000).  

 

Fertilization treatments are frequently applied in combination with other silvicultural 

treatments, particularly weed control. The use of herbicide with fertilizers at stand 

establishment appears to be critical in many cases. Without effective control of weed 

competition, N fertilizer application stimulates weed growth to the detriment of the pine 

seedlings (McKee and Wilhite, 1988, Jokela et. al., 2000, Haywood and Tiarks, 1990). 

 

Controlled release N fertilizers, may offer several advantages to forest management that 

highly soluble fertilizers do not. Much of the N fertilizer applied in soluble form such as 

ammonium nitrate, diammonium phosphate and urea can be lost from the soil profile 

before it can be utilized by the stand. N uptake in trees following fertilization is typically 

very low; usually less than 25 % of the added N is recovered by the stand (Mead and 

Pritchett, 1975). 224 kg ha-1 of elemental N is commonly applied at mid rotation and a 

portion is likely lost to due to leaching and de-nitrification and possibly volatilization 

(Havlin et al. 1999). Soluble fertilizers contain considerable amounts of NO3, which is 

very mobile in the soil and especially in soils with a high sand content (Wang and Alva, 

1996). A controlled release N fertilizer formulation should provide a better response than 

an equal amount of N in a highly soluble form, due to better fertilizer efficiency. If this 

were true, it would allow a reduction in the volume of fertilizer to be applied. The use of 

controlled-release fertilizers also reduces the risk of polluting surface and ground waters 

with nitrates and ammonium (Wang and Alva, 1996, Zekri and Koo, 1991, Nash et al., 

1988), although contamination from forest fertilization is not common.  

 

This investigation centered on three forms of controlled release N, including granular 

methylene-urea (MU Gran) (40-0-0), MU in tablet form (MU Tab)(20-10-5) and 

isobutylidenediurea in tablet form (IBDU Tab) (9-9-4). The slow release mechanism of 

the MU fertilizer forms are governed by microbial action on the urea in the product. 

IBDU release is activated by hydrolysis, which is governed primarily by soil moisture 

and to a lesser extent soil temperature (Zekri and Koo, 1991, Nu Gro, 2001) 



 80

   

A substantial part of the market for controlled release fertilizers is in the area of sports 

turf management. Due to demands for consistent quality (color and lushness) and health, 

products that offer a gradual release pattern over longer periods are preferred 

(Woolhouse, 1984). Besides allowing for more optimal uptake of N applied, it reduces 

the number of applications required during the year. Sand dominated soils are often 

created at facilities to improve internal drainage, which can pose problems when high 

rates of soluble N fertilizers are used. Woolhouse (1984) reported better growth and 

better consistency in quality of turf, comparing IBDU with ammonium sulphate. Using 

the same rates, IBDU was applied half as many times as ammonium sulphate. He also 

observed an excellent carryover effect with a late season applications of IBDU. It has 

been demonstrated that soil texture affects the dissolution rate of IBDU itself, with sandy 

soils exhibiting faster breakdown than clay loam soils (Mitsubishi Chemical, 1981). 

 

Use of controlled release fertilizers is common in nursery operations due to concerns for 

bettering fertilizer efficiency to reduce costs and to limit offsite movement of nitrates. 

Ohlund and Nashholm (2002) compared the use of a conventional ammonium nitrate 

fertilizer and an analytical grade of the amino acid Arginine as a controlled release 

fertilizer source for nursery production of Scots pine (Pinus sylvestris L.) seedlings. They 

found that dry weight was 22% higher and significant using the arginine source. Also, N 

dry weight composition was significantly higher for arginine treated seedlings at 2.13%, 

compared to 1.70% for the NH4NO3   treated seedlings. A nursery seedling (1 yr) 

production study by Benzian et al. (1971) evaluating yearly applications of controlled 

release and soluble nitrogen fertilizers demonstrated that IBDU was inferior to a 

traditional granular mix of ammonium nitrate and calcium carbonate (21-0-0) (Nitro-

chalk), and formalized casein (11-0-0) (particle size 1-5 mm) on a sandy podzol, over a 

four year period. Seedling growth following application of the IBDU products remained 

close to the other products in the first two years then dropped off inexplicably. Of the two 

sizes of IBDU tested, the coarser product performed better. The study was replicated at 

another site, with a sandy loam soil, and the four treatments were nearly identical in 
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performance. Total soil nitrogen in the plots using IBDU was considerably higher after 

four years at the second site.  

 

Overall results in citrus production using controlled release fertilizers have been positive, 

and have provided solutions to water contamination with nitrates (Zekri and Koo 1991,Li 

et al.,1998). In forestry applications, such as nursery operations, where there are also 

concerns for nitrate pollution, several studies have been conducted with inconsistent 

results regarding growth and quality (Benzian et al. 1971, Ohlund and Nashholm, 2002).  

 

The body of information of the effectiveness of controlled release fertilizers in production 

forestry is small. Hammamoto (1979) demonstrated that use of IBDU tablets containing 

high rates of N was not phytotoxic to seedling root systems of Hinoki (Chamaecyparis 

obtusa), and Sugi (Cryptomeria japonica) and that N uptake was more optimal compared 

to soluble sources. In an experiment looking at survival and growth of pitch X loblolly 

hybrids on reclaimed mine soils amended with various types of organic matter and 

fertilizers, trees on plots amended with sawdust and 336 kg ha-1 of isobutylidenediurea 

(IBDU) had the best growth response of any treatment, and a 67 % increase over the 

control (Moss, Burger and Daniels, 1989). In a separate study using IBDU in the Pacific 

Northwest region of the United States, Rose and Ketchum (2001), demonstrated success 

in applying IBDU at stand establishment, in Douglas fir (Psuedotsuga menziesii L.), and 

Western hemlock (Tsuga heterophylla Sarg.)  

 

The objectives of the field study were to evaluate seedling growth and foliage responses 

of loblolly pine to controlled release N fertilizers and compare that to soluble N 

formulations. The effect of two fertilizer placements; in ground tablets and granular top-

dressing, were also evaluated. Fertilizer rates were selected to provide equivalent 

amounts of N and P. Additional objectives were to determine what effect weed control 

had on seedling growth and determine if there were interactions between weed control 

and fertilization.  

 

5.2. Methods and Materials 
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 Study sites 

 

Two study sites were chosen which represent two of the common sites where loblolly 

pine is planted in the Piedmont region. The first site, was an old field at Virginia Tech’s 

Reynolds Homestead Research Center, near Critz, VA. The soil at this site was a Cecil 

series (fine kaolinitc, thermic Typic Kanhapludult) (Table 5.1). The site was an old-field 

dominated by a heavy stand of fescue ( Lolium arundinaceum L.) and broom sedge 

(Arthraxon virginicus L.). The field was previously used to grow tobacco, and was likely 

abandoned because of diminished production due to erosion. Tobacco was grown on this 

site as recently as the late 1960’s, and the field had been in pasture since then. The site 

was located on a broad ridge with a 5 % slope, and a southern aspect. The upper 15 cm of 

soil had an N content of 725 mg/kg of soil, and a pH of 4.9 (Table 5.1). P content at 3.5 

mg kg-1  in soil appears to be within a range reported as sufficient in the literature (Havlin 

et al., 1999, Wells et al., 1973). Because of the long period of cropping that occurred 

here, the erosion at this site was severe, as evidenced by the low soil C in the surface 15 

cm. 

 

A second study site was located on a cut-over mixed hardwood and pine site near 

Dillwyn, VA, on a Georgeville – Mattaponi soil complex. The site was located on a broad 

ridge with a slope of 5-7 %. The Georgeville (fine, kaolinitic, thermic, Typic 

Kanapludult) series dominated the lower third (block 1) of this tract, corresponding to its 

typical described slope position, and the absence of quartz gravel. The Mattaponi (fine, 

mixed, subactive, thermic Oxyaquic Hapludults) is likely present in the upper two thirds 

of the study site (blocks 2 and 3). This site previously supported a mixed stand of 

hardwood (Quercus spp., Liriodendron tulipfera L., Carya spp. and Liquidambar 

styraciflua L.) and pine (Pinus virginiania L. and Pinus echinata L.) that was 

approximately 55 years old. The site was clear-cut and site prepared by burning, during 

the late Summer/ early Fall of 2001. The burn was a high intensity burn, and there were 

many spots of bare mineral soil devoid of organic matter at the time of planting.  
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Table 5.1. A Comparison of chemical properties of the surface 15 cm of soil (excluding 
the organic layer) at both field study sites. 

 
 

 

 

 

 

 

 

Old-field site Cut-over site
Critz, VA Dillwyn, VA

(Cecil series) (Georgeville-Mattopini
complex)

(mg kg -1) (mg kg -1)
Total N 725 805
Total C 8730 20355

pH 4.9 5.2

extractable P 3.5 1
extractable K 33 54.5
extractable Ca 244.5 192.5
extractable Mg 47.5 34.5
extractable Zn 1.5 0.9
extractable Mn 3.2 45
extractable Cu 0.4 0.4
extractable Fe 15.8 99.7
extractable B 0.2 0.2
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Phosphorous content in this soil falls below what is commonly regarded as sufficient 

(Wells et al., 1973). Carbon content in the upper 15 cm was more than double the amount 

at Critz. This was apparently due to C accumulation in the soil during growth of the 

previous stand. The site preparation burn may have also contributed to the higher C 

levels. 

  

 Design 

 
The study was designed as a five by two factorial experiment with three blocks at each 

site. There were five fertilizer treatments, with two levels of weed control, none and 

complete. Treatment plot dimensions at each site were 10 by 10 meters (.02 hectares). 1-0 

Loblolly seedlings were hand-planted on 3 meter by 1.5 meter spacing, with each plot 

containing 28 seedlings. A ten-meter buffer was established around each plot, and planted 

on the same spacing.  Seedlings were from a single family of loblolly pine (Westvaco- 

WV-114).          

 
 Fertilizer treatments 

 

Five fertilizer treatments were evaluated including a non-fertilized check, three forms of 

controlled release N, and a DAP treatment using a commonly applied operational 

fertilizer rate. 

 

1. Untreated control. 

2. Two 17-g IBDU fertilizer tablet applied in the planting hole (IBDU Tab). 

3. Three 5-g  MU fertilizer tablets applied in the planting hole (MU Tab). 

4. 101 kg ha-1 granular MU + 224 kg ha-1 TSP broadcast on the soil surface 

(MU Gran). 

5. 224 kg ha-1 DAP broadcast on the soil surface (DAP Gran). 

 

 



 85

The tablet fertilizers were placed in the bottom of the opened planting hole before 

placement of the seedling. There was no soil buffer between the root systems of the 

planted trees and the fertilizer tablets. The two granular fertilizers were broadcast evenly 

across the plot surface after the seedlings were planted. The two broadcast treatments 

were calibrated to deliver equal amounts of total N and P (Table 5.2). The two tablet 

methods also delivered equal amounts of N and P. However, the amount of N and P 

applied with the tablets was significantly less than the broadcast treatments. The tablet 

treatments each delivered 3 g of N per seedling and approximately 1 g of P per seedling 

while the application rates of N and P per seedling were 15 g and 16 g, respectively, in 

the broadcast treatments. In plots treated with MU granular, P was added as triple super-

phosphate (0-46-0). 

 

Weed Control Treatments 

 

Two weed control treatments were evaluated in the study; 

 

1)   No weed control. 

2)   Complete weed control using directed sprays of herbicides, and mechanical                  

means during the first two growing seasons. 

 

At both sites, Sulfometuron-methyl and Glyphosate were used to control the grasses and 

herbaceous vegetation in the weed control plots. These applications were repeated as 

often as was necessary to control competing vegetation during the first two growing 

seasons. Sulfometuron methyl was applied at a rate of 178 ml per acre on two occasions 

at both sites soon after stand establishment. A directed spray using a 3 % solution of 

glyphosate and water was subsequently used to control herbaceous competition. A 

combination of mechanical control and directed spray with higher doses of glyphosate 

herbicide were used to control stump sprouts, and other persistent woody vegetation and 

perennial weeds. Initially, stump sprouts and larger woody vegetation were treated with a 

five percent glyphosate solution. Surviving stump-sprouts were severed and sprayed with 

a 50/50 mix of glyphosate and water. 
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Table 5.2. Nutrients applied by each fertilizer treatment, at the old-field site (Critz, VA) and the cut-over site (Dillwyn, VA). 

 
 

 

 
                 MU tablets               IBDU tablets                 DAP granular                MU granular

per per per per per per per per
seedling hectare seedling hectare seedling hectare seedling hectare

(g) (kg) (g) (kg) (g) (kg) (g) (kg)
N 3.00 8.30 3.10 8.58 14.56 40.30 14.56 40.30
P 0.65 1.80 1.33 3.68 16.00 44.32 16.02 44.32
K 0.66 1.83 0.60 1.66 - - - -

Ca 0.27 0.75 1.02 2.82 - - - -
Mg 0.38 1.05 0.68 1.88 - - - -
S 0.30 0.83 0.34 0.94 - - - -

Cu - - 0.02 0.06 - - - -
Fe 0.38 1.05 0.38 1.05 - - - -
Mn 0.30 0.83 0.08 0.22 - - - -
Zn 0.03 0.08 0.05 0.13 - - - -
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Mowing was done on two occasions in 2002 and on one occasion in 2003, at the old-field 

site, due to the vigorous nature of the fescue competing with the loblolly pine seedlings. 

 

 

 Data Collection/ Measurements: 

 

Growth measurements 

 

Height and ground-line diameter of all seedlings in the study plots were measured shortly 

after planting. Ten seedlings in each plot were randomly selected and measured monthly, 

during the first two growing seasons. All seedlings at both sites were measured at the end 

of the 2002 growing season and the 2003 growing season. 

 

Foliage Sampling 

 

Foliage was sampled on three occasions during the 2002 growing season, May 22, July 7, 

and August 28. Foliage samples were taken on three occasions during the second growing 

season, June 15, July 26, and August 30. Ten seedlings in each plot were randomly 

chosen for foliage sampling, excluding seedlings that were measured monthly for growth 

parameters. Five fully elongated and mature needle fascicles were collected from each of 

the ten seedlings to provide 50 fascicles for analysis. Needle fascicles were chosen from 

as high on the main stem as possible. Dry weights of the 50 fascicles were determined on 

the samples collected in 2003 but not in 2002. The foliage was then dried for 24 hours at 

65 C, then 500 mg of the tissue was dry ashed in a muffle furnace for 24 hours at 500 C, 

then digested for one hour in six normal HCl and analyzed for nutrient concentrations of 

P, K, Ca, Mg, S, Mn, Zn, Cu and B by spectral analysis of elements using inductively 

coupled plasma spectrometry on a SpectroFlame Modula tabletop ICP with auto-sampler 

(Spectro Analytical Instruments, Inc., Springfield NH). N was determined on 250 mg of 

dried tissue by combustion (Vario Max CNS analyzer-Elementar Analysesysteme GmbH, 

Hanau, Germany).   
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Herbaceous and woody competition at the sites 

 

Herbaceous competition was measured at both sites by clipping and collecting 

herbaceous vegetation in a 0.5 m2 sampling area due east of four randomly selected 

seedlings in plots not receiving weed control with DAP Gran, MU Gran, IBDU Tab and 

the control. Vegetation dry weights were analyzed to estimate level of competition. 

Woody stem competition was estimated by summing the total length of woody stems 

originating or present above the same 0.5 m2   plot used for the herbaceous biomass 

collection.    

 

Critical nutrient concentrations in foliage 

 

Foliar nutrient concentrations were compared to a published list of critical concentration 

ranges (Table 5.3) to determine sufficiency. 

 

Vector Analysis Approach to Foliage Analysis 

   

Foliage properties of major nutrients were also evaluated using the vector analysis 

approach (Timmer and Stone, 1978). Vector analysis goes beyond critical concentration 

levels to compare changes in content (g  50 fascicles-1) and biomass, in an integrated 

fashion. It is an effective way to factor out the dilution effect and other confounding 

effects experienced in forest stands (van den Driessche, 1991).  

 

Normalized biomass weights (found on the upper right hand margin of each diagram) 

were obtained by dividing mean foliage weights for each fertilizer treatment by the 

foliage weight of the control then multiplying this product by 100. Normalized nutrient  
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Table 5.3. Sufficiency ranges for foliage nutrient concentration of various conifer species, 
used at the old-field and the cut-over sites (van den Driessche, 1991, Kishchuk et al. 

2001, Brockley, R. 2001 and Dickens and Morehead, 2002). 
 

 

 

 
 
 
 
 
 
 
 
 
 
 

Sufficiency Range
lower upper 
level level

(mg kg-1) (mg kg-1)

N 12,000 to 20,000
P 1,200 to 1,600
K 3,000 to 8,000

Ca 2,000 to 7,000
Mg 1,000 to 2,000
S 750 to 1200

Cu 4 to 12
Fe 20 to 50
Mn 100 to 5000
B 8 to 25

Mo 0.05 to 0.25
Zn 10 to 50
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concentrations and content were also determined for each element and plotted. A 

diagnosis of deficiency would be indicated by a simultaneous increase in concentration, 

content and biomass, of some magnitude (Haase and Rose, 1995). Magnitude of the 

response is indicated by the length of the vector (the most prominent vector is indicated 

by a dark line on the diagrams). 

 

Nutrient ratios 

 

Nutrient ratios were also used as indicator of nutrient status in the field studies. Nutrient 

ratio analysis is based on the theory that there must be proper nutrient balance in foliage 

for optimal physiologic function, and that by evaluating ratios, one presumably factors 

out the confounding effects associated with dilution, aging and site differences (van den 

Driessche, 1991). Consistently low N to other element ratios usually indicates N 

deficiency (van den Driessche, 1991). Published ranges of satisfactory nutrient 

concentration ratios for loblolly pine found in the literature include 8-12 for N/P and 2-4 

N/K. (Gessel,S.P. 1990, Moorehead, 2002 , van den Driessche, 1991), although some of 

this data includes data from older stands. 

 

Statistical Analysis 

 

Analysis of variance was used to test for differences in height, ground line diameter, 

volume, and foliar nutrient concentrations and content at each site using the JUMPTM 

platform by SAS institute (SAS, Cary, NC). For each parameter measured, the mean was 

obtained from the 28 trees in each plot, and the plot mean acted as the experimental unit.  

Mean comparisons were done using Fisher’s LSD at an alpha level of 0.10. To satisfy 

homogeneity of variance assumptions in two-way ANOVA analysis, linear modeling, 

mean diameter, height and tree volume were log transformed where necessary (Table 

5.4). At the old-field site diameter, height, and volume for the 2002 data were log-

transformed. Diameter and volume of the 2003 data was log transformed. At the cut-.  
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Table 5.4. ANOVA tables for the old-field  and cut-over site for seedling diameter, 
seedling height and seedling volume 2002 and 2003. 

 
 

 

 

 

 

 

old-field site 2002 2003
Diam. Height Volume Diam. Height Volume

source df (mm) (cm) (cm3) (mm) (cm) (cm3)
Prob>F Prob>F Prob>F Prob>F Prob>F Prob>F

block 2 0.546 0.096 0.349 0.144 0.180 0.118
weed control treatments 1 <.0001 0.001 <.0001 <.0001 <.0001 <.0001

fertilizer treatment 4 0.760 0.937 0.827 0.728 0.772 0.755
fertilizer X weed control 4 0.880 0.920 0.915 0.861 0.593 0.830

*log-transformed 29 * * * * *

cut-over site 2002 2003
Diam. Height Volume Diam. Height Volume

source df (mm) (cm) (cm3) (mm) (cm) (cm3)
Prob>F Prob>F Prob>F Prob>F Prob>F Prob>F

block 2 0.113 0.273 0.117 0.378 0.656 0.573
weed control treatments 1 <.0001 0.008 <.0001 <.0001 0.002 <.0001

fertilizer treatment 4 0.465 0.261 0.297 0.438 0.042 0.122
fertilizer X weed control 4 0.141 0.490 0.143 0.194 0.649 0.092

*log-transformed 29
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over site, height and volume were log transformed in 2002, and none of the variables 

were transformed in 2003. 

 

5.3 Results 

 
Site Differences 

 

The effect of site on mean tree volume was substantial. After one growing season, mean 

tree volume at the old-field site in Critz was 24 cm3 verses 39 cm3 at cut-over site in 

Dillwyn, a 63 % difference. This increased to a difference of 101 % at the end of the 

second year, when mean volume at Critz was 424 cm3 and 852 cm3 at Dillwyn. The type 

of competition at the two sites was distinctly different. At the old-field site in Critz, the 

competition was solely herbaceous from well-established fescue (Table 5.5). At the cut-

over site in Dillwyn, in comparison, the competing vegetation was primarily hardwood 

sprouts (Table 5.5) consisting of Liquidambar styraciflua L., Liriodendron tulipfera L., 

Quercus alba L. and others. Herbaceous competition at Dillwyn included Eupatorium 

capillifolium L. (dog fennel), Asclepias spp. (milkweed), Phytolacca americana 

L.(pokeweed), Arthraxon virginicus, L (broom sedge)and Lespedeza spp.. In addition, the 

competition was not as severe on the cutover site (Table 5.5) because of the site 

preparation burn conducted in early Fall of 2001, before the stand was planted in March 

of 2002. As a consequence of the different types of competition, weed control had a 

bigger impact at Critz than at Dillwyn. Weed control increased seedling volume 700 % at 

the old-field site in Critz compared to just over 150 % at the cut-over site in Dillwyn. 

Consequently, a significant interaction between site and weed control was detected. At 

the end of the second growing season, mean volume for trees grown with-out weed 

control at Critz was 88.7 cm3 compared to 459.00 cm3 at the Dillwyn site, while mean 

volumes on weed control plots were 758 cm3 at Critz and 1244 cm3  at Dillwyn.  

 

Because of the differences in historic land use and the nature of the competing vegetation 

between the two sites, growth response was analyzed separately. 
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Table 5.5. Impact of fertilizer treatments on herbaceous and woody stem competition at 

the old-field and cut-over sites, end of the second growing season, 2003. 
 
 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

2003 Woody stem competition w/o
Herbaceous competition w/o weed control 

fertilizer weed control (g/ .5m2) (sum of lengths of stems)

Old-field site Cut-over site Old-field site Cut-over site
Critz, VA Dillwyn, VA Critz, VA Dillwyn, VA

(g) (g) (g) (g) (m) (m) (m) (m)

control 374.8 +/- 75.2 a 116.7 +/- 14.8 a 0.0 +/- 0.0 a 3.1 +/- 2.0 a
IBDU tablet 362.9 +/- 22.0 a 177.3 +/- 49.4 a 0.0 +/- 0.0 a 6.1 +/- 5.1 a
DAP gran. 469.6 +/- 70.8 a 167.5 +/- 47.1 a 0.0 +/- 0.0 a 7.1 +/- 5.9 a
MU gran. 438.0 +/- 55.8 a 150.7 +/- 15.4 a 0.0 +/- 0.0 a 7.7 +/- 2.3 a

 

411.3 +/- 56.0 a 153.1 +/- 34.2 b 0.0 +/- 0.0 a 6.0 +/- 3.8 b
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Old-field site- Critz, VA  

 

Growth response 

 

The weed control treatments were effective at this site, and significantly affected 

seedling root collar diameter, height and volume during the first growing season 

(Table 5.6). The repeated applications of herbicide during both growing seasons 

essentially eliminated the herbaceous competing vegetation in the weed control 

plots. Fertilization did not increase herbaceous or woody biomass production at 

this site (Table 5.5) in absence of weed control. Seedling volume in weed control 

plots was nearly two fold to that of the plots not receiving weed control after one 

growing season (Table 5.6). Seedling diameter and height were 58 % and 19 % 

greater, respectively, in plots receiving weed control. Weed control also 

significantly increased seedling root collar diameter, height and volume after two 

growing seasons (Table 5.7), as well. Differences in weed control means widened 

in the second growing season. Mean seedling volume was over 700% greater due 

to weed control after two years (Table 5.7). Mean seedling volume for weed 

control plots was 758 cm3 compared to 89 cm3 in plots not receiving complete 

weed control. Diameters and heights were 146 % and 48 % greater, respectively, 

in plots receiving weed control (Table 5.7), after two growing seasons. There 

were no significant differences due to fertilization at this site through two growing 

seasons (Table 5.7). There were not significant interactions between weed control 

and fertilizer so only the main effects are presented in Tables 5.6 and 5.7. The 

growth of the seedlings over the first two growing seasons as influenced by 

fertilization is presented in Figure 5.1 for the plots receiving weed control and for 

the plots not receiving weed control, separately. The impact of weed control on 

tree growth is clearly evident.   

  

 

 



 95

 
Table 5.6. Impact of weed control and fertilizer treatments on diameter, height and 

volume at the old-field site in 2002. Means are presented with one standard error. Means 
followed by the same letter in each column, for fertilizer means, and by row, for weed 

control means are not significant at the 0.10 level, Fisher’s LSD. 
 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

2002 Diameter Height Volume

 fert. fert. fert. 
fertilizer trtmt mean se mean se mean se

mm mm cm cm cm cm

control 7.2 +/- 0.9 a 36.0 +/- 2.2 a 21.2 +/- 5.9 a
MU tab 7.8 +/- 1.0 a 36.7 +/- 2.2 a 25.7 +/- 7.8 a

IBDU tab 7.6 +/- 0.8 a 36.0 +/- 2.0 a 23.0 +/- 5.8 a
DAP gran 7.4 +/- 0.6 a 36.9 +/- 1.7 a 21.5 +/- 4.0 a
MU gran 8.0 +/- 1.0 a 38.0 +/- 2.7 a 28.1 +/- 8.2 a

WC trtmt

weed control 9.3 +/- 0.3 a 39.9 +/- 1.0 a 35.8 +/- 3.2 a
no weed control 5.9 +/- 0.2 b 33.5 +/- 1.0 b 12.0 +/- 1.0 b
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Table 5.7. Impact of weed control and fertilizer treatments on diameter, height 
and volume at the old-field site in 2003. Means are presented with one standard 

error. Means followed by the same letter in each column, for fertilizer means, and 
by row, for weed control means are not significant at the 0.10 level, Fisher’s LSD. 

 

2003 Diameter Height Volume

 fert. fert. fert. 
fertilizer trtmt mean se mean se mean se

mm mm cm cm cm cm

control 17.3 +/- 3.8 a 80.0 +/- 9.6 a 361.2 +/- 159.3 a
MU tab 18.8 +/- 3.9 a 87.6 +/- 5.5 a 433.9 +/- 176.9 a

IBDU tab 18.9 +/- 3.7 a 88.2 +/- 9.9 a 445.8 +/- 180.3 a
DAP gran 17.8 +/- 2.9 a 83.5 +/- 9.6 a 325.3 +/- 102.9 a
MU gran 20 +/- 4.3 a 90.3 +/- 12.2 a 551.6 +/- 249.7 a

WC trtmt

weed control 26.4 +/- 2.3 a 102.3 +/- 8.4 a 758.4 +/- 186.0 a
no weed control 10.7 +/- 1.3 b 69.4 +/- 8.7 b 88.7 +/- 30.7 b
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Figure 5.1. Mean tree volume by fertilizer treatment with weed control (top graph), and 
without weed control (lower), over two growing seasons at an old-field site at Critz, VA. 

 

0

200

400

600

800

1000

1200

1400

1600

0 100 200 300 400 500 600

Julian day

se
ed

lin
g 

vo
lu

m
e 

(c
ub

ic
 c

m
)

control
MU tab
IBDU tab 
MU gran
DAP gran 

0

200

400

600

800

1000

1200

1400

1600

0 100 200 300 400 500 600

Julian day

se
ed

lin
g 

vo
lu

m
e 

(c
ub

ic
 c

m
)

control-w
M U tab-w
IBDU tab-w
M U gran-w
DAP  gran-w



 98

 

Foliage data analysis 

 

Weed control significantly impacted the concentrations of N, K and Mg in foliage 

after the first growing season at the old-field site. In weed control plots, N at 

17387 mg kg-1, was 28% higher than in plots without weed control where N was 

13634 mg kg-1 (Table 5.8), however, N concentrations of both were within the 

sufficiency range reported in the literature (Table 5.3). Potassium at 4517  

mg kg-1 , was 17 % higher in the weed control plots (Table 5.8), although 

concentrations at both levels of weed control were again considered sufficient 

(Table 5.3). In weed control plots, Mg concentration at 854 mg kg-1 was 25 % 

lower than in plots with out weed control, falling just below the reported 

sufficiency range of 1000-2000 mg kg-1 (Table 5.3) (Table 5.8). Weed control 

significantly increased Mn, Cu, Zn and B (Table 5.9) concentrations at Critz, after 

one growing season, however all micronutrient concentrations were within 

sufficiency ranges (Table 5.3), with Cu being the only exception. Copper 

concentration in plots without weed control was just below the sufficiency range 

at 3.4 mg kg-1.  

 

Weed control, also significantly impacted nutrient concentrations in foliage in 

2003 (Table 5.10).  In weed control plots, N concentration was 12436 mg kg-1, 

and in plots not receiving weed control, the concentration was 9993 mg kg-1, 

which is slightly below the sufficiency range reported in Table 5.3. Potassium at  

4415 mg kg-1, was 29 % higher in weed control plots, however concentrations in 

both weed control treatments were considered sufficient (Table 5.10)(Table 5.3). 

Calcium at 1283 mg kg-1, was 27 % lower in weed control plots, and Mg at 718 

mg kg-1 was 29 % lower in weed control plots, apparently due to a dilution effect 

created by increased uptake of other nutrients and increases in foliage weight. 

Both Ca and Mg concentrations, in plots receiving weed control appear to be just 

below the sufficiency range (Table 5.3). Mn concentration at 251.6 mg kg-1 was  
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Table 5.8. Impacts of weed control and fertilizer on N, P, K, Ca, Mg and S concentrations, at an old field site (Critz) in 2002. Means 
are presented with one standard error. Means followed by the same letter are not signif. different at the 0.10 level, Fisher’s LSD. 

 

 
 
 

 
 
 
 

N P K Ca Mg S
2002 conc. conc. conc. conc. conc. conc.

 fert. fert. fert. fert. fert. fert. 
fertilizer trtmt mean se mean se mean se mean se mean se mean se

mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1

control 14757 +/- 726 a 1150 +/- 100 a 4000 +/- 437 a 1855 +/- 124 a 1012 +/- 104 a 315 +/- 31 a
MU tab 15260 +/- 1382 a 1251 +/- 79 a 3949 +/- 202 a 1934 +/- 162 a 993 +/- 162 a 339 +/- 23 a

IBDU tab 16315 +/- 941 a 1283 +/- 70 a 4539 +/- 204 a 1825 +/- 104 a 893 +/- 39 a 365 +/- 23 a
DAP gran 15782 +/- 723 a 1398 +/- 48 a 4349 +/- 206 a 2145 +/- 172 a 1050 +/- 102 a 350 +/- 21 a
MU gran 15440 +/- 1034 a 1249 +/- 111 a 4090 +/- 457 a 2086 +/- 196 a 941 +/- 120 a 350 +/- 38 a

WC trtmt

weed control 17387 +/- 605 a 1317 +/- 42.4 a 4517 +/- 155 a 1957 +/- 105 a 854 +/- 31 a 360 +/- 18 a
no weed control 13634 +/- 504 b 1215 +/- 65.7 a 3854 +/- 148 b 1981 +/- 92 a 1102 +/- 21 b 328 +/- 13 a
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Table 5.9. Impacts of weed control and fertilizer on Mn, Cu, Zn and B concentrations (mg kg-1), at an old-field site (Critz) in 2002. 
Means are presented with one standard error. Means followed by the same letter are not signif. different at the 0.10 level, Fisher’s 

LSD. 
 

 
 

 
 
 

Mn Cu Zn B
2002 conc. conc. conc. conc.

 fert. fert. fert. fert. 
fertilizer trtmt mean se mean se mean se mean se

mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1

control 165 +/- 18 a 3.5 +/- 0.5 a 61.7 +/- 7.0 a 26.6 +/- 5.5 a
MU tab 284 +/- 46 c 3.9 +/- 0.3 a 77.5 +/- 4.2 a 29.8 +/- 6.0 a

IBDU tab 188 +/- 24 ab 4.1 +/- 0.3 a 58.0 +/- 5.0 a 30.3 +/- 3.2 a
DAP gran 203 +/- 15 ab 4.1 +/- 0.1 a 70.6 +/- 6.5 a 27.6 +/- 4.0 a
MU gran 239 +/- 49 bc 3.8 +/- 0.5 a 69.1 +/- 8.3 a 27.0 +/- 4.6 a

WC trtmt

weed control 257 +/- 17 a 4.3 +/- 0.2 a 72.6 +/- 4.1 a 22.0 +/- 1.4 a
no weed control 174 +/- 17 b 3.4 +/- 0.2 b 62.2 +/- 3.8 b 34.5 +/- 3.0 b
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Table 5.10. Impacts of weed control and fertilizer on N, P, K, Ca, Mg and S concentrations (mg kg-1), at an old field site 
(Critz) in 2003. Means are presented with one standard error. Means followed by the same letter are not signif. different at the 

0.10 level, Fisher’s LSD. 
 
 

 

 

 

2003 N conc. P conc. K conc. Ca conc. Mg conc. S conc.

fertilizer fert. fert. fert. fert. fert. fert. 
mean se mean se mean se mean se mean se mean se
mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1

control 11082 +/- 615 a 968 +/- 55 a 3539 +/- 408 a 1468 +/- 189 a 864 +/- 80 a 340 +/- 15 a
MU tab 11220 +/- 1050 a 1027 +/- 59 a 3884 +/- 452 a 1552 +/- 128 a 885 +/- 74 a 393 +/- 23 a

IBDU tab 10907 +/- 658 a 1090 +/- 87 a 4369 +/- 450 a 1654 +/- 101 a 912 +/- 44 a 391 +/- 17 a
DAP gran 11140 +/- 514 a 1048 +/- 60 a 3776 +/- 297 a 1402 +/- 172 a 815 +/- 81 a 343 +/- 21 a
MU gran 11725 +/- 842 a 1146 +/- 60 a 4049 +/- 389 a 1549 +/- 151 a 847 +/- 93 a 374 +/- 32 a

WC trtmt

weed control 12436 +/- 321 a 1072 +/- 58 a 4415 +/- 263 a 1283 +/- 85 a 718 +/- 22 a 380 +/- 18 a
no weed control 9993 +/- 202 b 1039 +/- 63 a 3431 +/- 175 b 1767 +/- 110 b 1012 +/- 34 b 356 +/- 20 a
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Table 5.11. Impacts of weed control and fertilizer on Mn, Cu, Zn, and B concentrations (mg kg-1), at an old-field site (Critz) in 
2003. Means are presented with one standard error. Means followed by the same letter are not signif. different at the 0.10 level, 

Fisher’s LSD. 
 

 

 

2003 Mn conc. Cu conc. Zn conc. B conc.

fertilizer fert. fert. fert. fert. 
mean se mean se mean se mean se
mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1

control 189.2 +/- 28.6 a 2.7 +/- 0.2 a 36.1 +/- 2.2 a 14.4 +/- 2.9 a
MU tab 215.5 +/- 20.2 a 3.1 +/- 0.2 a 53.9 +/- 17.2 a 22.4 +/- 5.7 a

IBDU tab 196.0 +/- 22.8 a 3.3 +/- 0.5 a 42.1 +/- 6.1 a 16.1 +/- 2.3 a
DAP gran 188.3 +/- 42.1 a 2.6 +/- 0.2 a 32.5 +/- 2.7 a 13.1 +/- 1.7 a
MU gran 213.7 +/- 29.3 a 2.8 +/- 0.2 a 53.2 +/- 17.5 a 11.8 +/- 1.1 a

WC trtmt

weed control 149.4 +/- 11.0 a 3.2 +/- 0.4 a 49.1 +/- 16.0 a 14.1 +/- 3.7 a
no weed control 251.6 +/- 34.5 b 2.6 +/- 0.2 b 38.0 +/- 5.1 a 17.1 +/- 2.9 a
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41 % higher in plots not receiving weed control and this difference was 

significant (Table 5.11). Copper at 3.2 mg kg-1 was 23 % higher in plots with  

weed control, however at both levels of weed control concentrations were below 

sufficiency levels. Mn was sufficient at both levels of weed control (Table 5.3).  

 

Fertilization impacted Mn concentration in foliage in 2002. MU Tab treated plots 

(284 mg kg-1) had a significantly higher Mn concentration than DAP Gran (203 

mg kg-1), IBDU Tab (188 mg kg-1) and control (165 mg kg-1) treatments, however 

all were within sufficiency levels (Table 5.3). 

 

Weed control impacted fascicle weight, after two growing seasons at the old-field 

site (Table 5.12). Fascicle weights are presented by fertilizer treatment and by 

weed control treatment because this data is presented in vector diagrams. Mean 

fascicle weights were 19 % greater in plots receiving complete weed control. 

Foliage weights were not determined for the foliage samples collected in the 2002 

growing season.  

 

Vector analysis of N, P, K, Ca, Mg and S responses by fertilizer treatment, to 

detect soil nutrient deficiencies 

 

Nitrogen vector diagrams at Critz indicate that N was not limiting (Figure 5.2). 

There was a slight response to N additions in plots receiving the MU granular 

treatment, with weed control. There was simultaneous improvement in content 

and concentration, however the increase in foliage weight was a modest 8 %, 

which likely indicates luxury consumption, and that N was not limiting. DAP, the 

other soluble N source, with weed control did not elicit any improvements in 

concentration or ontent in foliage as the MU granular treatment (Figure 5.2). The 

slight N response to MU tablet appears to be a dilution effect, again an indication 

that N was non-limiting (Haase and Rose, 1995).  In plots not receiving weed 

control biomass increased no more than 4 %, and there were only very slight N 
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Table 5.12 Impacts of fertilization and weed control on fascicle weight at the old-
field site after two growing season. 

 

 

 

 

 

Fascicle weights(g/ 50 fascicles)
fertilizer WC  no WC fert. 

mean se mean se mean se
mg kg-1 0 mg kg-1 mg kg-1 mg kg-1 mg kg-1

control 6.1 +/- 0.1 a 5.2 +/- 0.1 a 5.7 +/- 0.2 a
MU tab 6.6 +/- 0.3 a 5.2 +/- 0.2 a 6.0 +/- 0.2 a

IBDU tab 6.0 +/- 0.2 a 5.1 +/- 0.2 a 5.6 +/- 0.3 a
DAP gran 6.3 +/- 0.3 a 5.4 +/- 0.3 a 5.9 +/- 0.3 a
MU gran 6.6 +/- 0.2 a 5.3 +/- 0.2 a 6.0 +/- 0.3 a

WC mean 6.3 +/- 0.1 a 5.3 +/- 0.1 a
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Figure 5.2. Vector analysis of impacts of weed control and fertilizer application on N at an old-field site in Critz. (o) control; 
(+) MU tablet; (x) IBDU tablet; (y) DAP granular; and (z) MU granular. End of 2003 growing season.  

 

 

Weed control No weed control
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responses in nutrient concentration or content to the fertilization treatments.  

 

The vector diagram for P response indicated an increase in P concentration and 

content due to the DAP and MU granular treatments, however there were no 

appreciable increases in biomass weight, at both levels of weed control, which 

indicated luxury consumption, and that P was non-limiting (Figure 5.3). 

Phosphorous impacts due to the tablet forms of fertilizer were slight.  

 

Potassium, Ca, Mg, S, Mn, Cu, Zn, and B vector diagrams also indicated a similar 

trends of luxury consumption and non-limiting conditions, at both levels of weed 

control and are not presented.  

 

Nutrient ratios at Critz  

 

At Critz, foliage ratios in the control treatment indicated that P and K were not at 

deficiency levels (Table 5.13). There were not any notable differences among the 

fertilizer treatments to indicate that a fertilizer treatment improved P and K 

nutrition. There were significant differences in N / P ratios due to weed control in 

2002 and 2003 (Table 5.13).  

 

Cut-over site- Dillwyn, VA  

 

Growth response 

 

Weed control significantly increased seedling ground-line diameter, height and 

volume after one growing season at the cut-over site near Dillwyn, VA. Mean 

volume at Dillwyn at the end of the first growing season was approximately 
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Figure 5.3. Vector analysis of impacts of weed control and fertilizer application on P at an old-field site in Critz. (o) control; 

(+) MU tablet; (x) IBDU tablet; (y) DAP granular; and (z) MU granular. End of  2003 growing season. 
 

 

Weed control No weed control
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Table 5.13. Nitrogen/P, and N/K ratios in foliage at an old-field site, in 2002 and 2004. 
 

 

           Nutrient Ratios at the old-field site

 2002 2003
N/P ratios N/K ratios N/P ratios N/K ratios

fertilizer fert. fert. fert. fert.
 N/P N/K N/P N/K
 

control  13.3 +/- 1.1 a 3.9 +/- 0.3 a 11.5 +/- 0.6 a 3.2 +/- 0.2 a
MU tab  12.5 +/- 1.4 a 3.9 +/- 0.4 a 10.9 +/- 0.8 a 3.0 +/- 0.2 a

IBDU tab  12.8 +/- 0.6 a 3.6 +/- 0.2 a 10.1 +/- 0.6 a 2.6 +/- 0.2 a
DAP gran  11.3 +/- 0.3 a 3.6 +/- 0.3 a 10.7 +/- 0.6 a 3.0 +/- 0.1 a
MU gran  12.9 +/- 1.6 a 4.0 +/- 0.5 a 10.3 +/- 0.7 a 2.9 +/- 0.2 a

WC trtmt

weed control 13.5 +/- 0.7 a 4.0 +/- 0.2 a 11.7 +/- 0.3 a 2.9 +/- 0.1 a
no weed control 11.5 +/- 0.6 b 3.6 +/- 0.2 a 9.7 +/- 0.3 b 3.0 +/- 0.1 a
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Table 5.14. Impact of weed control and fertilizer treatments on ground-line diameter, 
height and volume at a cut-over site (Dillwyn) in 2002. Means are presented with one 
standard error. Means followed by the same letter in each column, for fertilizer means, 
and by row, for weed control means are not significant at the 0.10 level, Fisher’s LSD. 

 

 

 

 

 

 

 

 

 

 

2002 Diameter Height Volume

 fert. fert. fert. 
fertilizer trtmt mean se mean se mean se

mm mm cm cm cm3 cm3

control 9.0 +/- 0.6 a 40.6 +/- 2.0 a 34.4 +/- 5.4 a
MU tab 8.9 +/- 0.7 a 39.5 +/- 1.7 a 33.1 +/- 6.5 a

IBDU tab 9.8 +/- 1.0 a 42.9 +/- 2.2 a 41.1 +/- 10.3 a
DAP gran 9.7 +/- 1.2 a 42.8 +/- 2.1 a 45.3 +/- 13.4 a
MU gran 9.7 +/- 1.0 a 44.6 +/- 1.5 a 45.0 +/- 9.9 a

WC trtmt

weed control 44.3 +/- 1.3 a 44.3 +/- 1.3 a 57.2 +/- 9.5 a
no weed control 39.9 +/- 0.9 b 39.9 +/- 0.9 b 23.9 +/- 3.5 b
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139 % greater in weed control plots (57.2 cm3) than in non-weed control plots 

(24.0 cm3) (Table 5.14). This difference increased to 172 % in the second growing 

season when seedling volume in the weed control plots was 1247 cm3 compared 

to 458 cm3 in plots without weed control (Table 5.15). An analysis of competing 

vegetation in plots not receiving weed control showed no differences between the 

control and the fertilizer treatments (Table 5.5).  In 2002 and 2003, fertilized plots 

not receiving weed control had means slightly below that of the control (Table  

5.15), however these differences were not significant. 

 

Significant interactions were detected between weed control and fertilizer 

treatments after two growing seasons, for seedling volume (Table 5.4). In plots 

receiving weed control, seedling volumes in the IBDU Tab treatment (1383 cm3), 

and in the broadcast treatments of DAP Gran (1446 cm3) and MU granular (1469 

cm3) were each significantly greater than the control (940 cm3) and the MU Tab 

(997 cm3) treatments (Table 5.15). The MU granular, DAP granular, and IBDU 

tablet treatments had 56 %, 54 %, and 47 % greater seedling volumes than the 

control, respectively. The growth of the seedlings over the first two growing 

seasons as influenced by fertilization is presented for the weed control plots and 

for the plots not receiving weed control, in Figure 5.4. 

 
The impact of weed control and fertilization on tree growth is clearly evident in 

this figure. The mean volume response of the IBDU tablet, DAP and MU granular 

treatments combined, with weed control (1433 cm3) after two growing seasons,
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Table 5.15. Impact of weed control and fertilizer treatments on seedling ground-line diameter, height and volume at a cut-over site 
(Dillwyn) in 2003. Means are presented with one standard error. Means followed by the same letter in each column, for fertilizer 

means, and by row, for weed control means are not significantly different at the 0.10 level, Fisher’s LSD. 

2003   D iameter Height
fertilizer W C  no W C fert. W C  no W C fert. 

mean se mean se mean se mean se mean se mean se
(mm) (mm) (mm) (mm) (cm 3) (cm 3) (cm) (cm) (cm) (cm) (cm 3) (cm 3)

control 28.5 +/- 1.7 a 21.4 +/- 2.9 a 25.0 +/- 2.2 a 113.7 +/- 3.9 a 111.2 +/- 10.3 a 112.5 +/- 5.0 ab
MU tab 29.6 +/- 0.9 a 19.2 +/- 0.6 a 24.4 +/- 2.4 a 113.4 +/- 3.6 a 98.6 +/- 7.3 a 106.0 +/- 4.9 a

IBDU tab 32.5 +/- 1.4 a 20.6 +/- 2.2 a 26.6 +/- 2.9 a 129.8 +/- 4.8 a 110.6 +/- 4.9 a 120.2 +/- 5.3 b
DAP gran 33.1 +/- 1.7 a 19.3 +/- 0.1 a 26.2 +/- 3.2 a 129.7 +/- 6.0 a 112.9 +/- 4.3 a 121.3 +/- 5.0 b
MU gran 33.6 +/- 0.4 a 20.0 +/- 0.6 a 26.8 +/- 3.1 a 129.9 +/- 4.2 a 115.8 +/- 1.8 a 122.8 +/- 3.8 b

W C mean 31.5 +/- 1.2 a 20.1 +/- 1.3 b 123.3 +/- 4.5 a 109.8 +/- 5.7 b

 Volume
 W C  no W C fert. 

mean se mean se mean se
(cm 3) (cm 3) (cm 3) (cm 3) (cm 3) (cm 3)

control 940 +/- 140 a 551 +/- 166 a 746 +/- 131 a
MU tab 997 +/- 94 a 366 +/- 48 a 682 +/- 149 a

IBDU tab 1383 +/- 170 b 489 +/- 125 a 936 +/- 221 a
DAP gran 1446 +/- 202 b 421 +/- 20 a 933 +/- 246 a
MU gran 1469 +/- 83 b 462 +/- 27 a 965 +/- 229 a

W C mean 1247 +/- 138 a 458 +/- 77 b
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Figure 5.4. Mean tree volume by fertilizer treatment in plots with weed control (top 
graph), and without weed control (lower), over two growing seasons at a cut-over site 

near Dillwyn, VA. 
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was 53 % greater than that of the check (940 cm3) also receiving weed control 

(Figure 5.4). The response due to weed control alone was a 71 % increase in 

volume, comparing the check with no weed control (551 cm3), to the check 

treatment with weed control (940 cm3). A total increase in seedling volume of 160 

% was gained by a combination of weed control and fertilization at the cut-over 

site.  

 

Foliage Analysis 

 
Weed control had no impact on N or P concentrations in 2002 (Table 5.16). Weed 

control impacted K and Ca concentrations in foliage at the cut-over site in 2002. 

In weed control plots K, at 4337 mg kg-1 was 12 % lower, than in plots not 

receiving weed control, although concentrations at both levels were considered 

sufficient (Table 5.3). Calcium at 2549 mg kg-1 was 22 % higher in plots 

receiving weed control (Table 5.16). Calcium concentrations at both levels of 

weed control were considered within sufficiency levels. Weed control increased 

Mn and B concentrations (Table 5.17), however both nutrients were within the 

sufficiency range at both levels of weed control in 2002 (Table 5.3). Weed control 

significantly impacted N, K, Mg, and Ca concentrations in foliage in 2003. In 

weed control plots, seedling foliage had 8 % and 20 % higher N and K 

concentrations (Table 5.18), respectively, and 20 %, and 24  % less Ca and Mg  

(Table 5.18), respectively, than in the non-weed control plots.  
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Table 5.16. Impacts of weed control and fertilizer on N, P, K, Ca, and S concentrations (mg kg-1), at a cut-over site in Dillwyn, VA in 

2002. Means are presented with one standard error. Means followed by the same letter are not signif. different at the 0.10 level, 
Fisher’s LSD. 

 
 
 

 

N P K Ca Mg S
2002 conc. conc. conc. conc. conc. conc.

 fert. fert. fert. fert. fert. fert. 
fertilizer trtmt mean se mean se mean se mean se mean se mean se

mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1

control 20097 +/- 701 a 1254 +/- 64 a 4608 +/- 233 a 2367 +/- 180 a 867 +/- 55 a 312 +/- 29 a
MU tab 19937 +/- 903 a 1251 +/- 83 b 4055 +/- 299 a 2025 +/- 232 a 828 +/- 70 a 336 +/- 37 a

IBDU tab 19854 +/- 931 a 1423 +/- 85 ab 4910 +/- 309 a 2387 +/- 239 a 864 +/- 73 a 334 +/- 38 a
DAP gran 20701 +/- 992 a 1688 +/- 91 d 4858 +/- 329 a 2417 +/- 255 a 869 +/- 77 a 321 +/- 41 a
MU gran 19266.5 +/- 614 a 1596 +/- 56 cd 4699 +/- 204 a 2415 +/- 158 a 894 +/- 48 a 286 +/- 25 a

WC trtmt

weed control 20575 +/- 452 a 1401 +/- 56 a 4337 +/- 150 a 2549 +/- 116 a 816 +/- 35 a 322 +/- 19 a
no weed control 19368 +/- 609 a 1482 +/- 42 a 4916 +/- 202 b 2095 +/- 156 b 913 +/- 47 a 313 +/- 25 a
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Table 5.17. Impacts of weed control and fertilizer on Mn, Cu, Zn, and B concentrations 
(mg kg-1), at a cut-over site in Dillwyn, VA in  2002. Means are presented with one 
standard error. Means followed by the same letter are not signif. different at the 0.10 

level, Fisher’s LSD. 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Mn Cu Zn B
2002 conc. conc. conc. conc.

 fert. fert. fert. fert. 
fertilizer trtmt mean se mean se mean se mean se

mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1

control 833 +/- 83 a 4.8 +/- 0.2 a 79.0 +/- 7.9 a 37.0 +/- 2.6 a
MU tab 1199 +/- 82 a 5.0 +/- 0.2 a 84.1 +/- 7.9 a 38.1 +/- 2.6 a

IBDU tab 1110 +/- 83 a 5.0 +/- 0.2 a 79.1 +/- 7.9 a 44.0 +/- 2.7 a
DAP gran 1062 +/- 93 a 5.1 +/- 0.3 a 74.7 +/- 8.9 a 35.2 +/- 3.0 a
MU gran 839 +/- 83 a 4.6 +/- 0.2 a 69.0 +/- 7.9 a 34.2 +/- 2.7 a

WC trtmt

weed control 1225 +/- 55 a 4.9 +/- 0.2 a 83.1 +/- 5.3 a 35.3 +/- 2.1 a
no weed control 793 +/- 52 b 4.9 +/- 0.2 a 71.3 +/- 5.0 a 40.4 +/- 2.2 b
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Table 5.18. Impacts of weed control and fertilizer on N, P, K, Ca, and S concentrations 
(mg kg-1), at a cut-over site in Dillwyn , VA in  2003. Means are presented with one 
standard error. Means followed by the same letter are not signif. different at the 0.10 

level, Fisher’s LSD. 
 

 

 

2003 N concentration P concentration
fertilizer WC  no WC fert. WC  no WC fert. 

mean se mean se mean se mean se mean se mean se
mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1

control 14933 +/- 874 a 14143 +/- 607 a 14538 +/- 508 a 910 +/- 56 a 829 +/- 137 a 869 +/- 69 a
MU tab 14387 +/- 183 a 12633 +/- 304 a 13510 +/- 423 a 933 +/- 41 a 1022 +/- 96 ab 978 +/- 51 a

IBDU tab 13920 +/- 549 a 13530 +/- 297 a 13725 +/- 292 a 1018 +/- 55 a 909 +/- 74 a 964 +/- 48 a
DAP gran 14840 +/- 1386 a 13500 +/- 300 a 14170 +/- 701 a 1443 +/- 24 b 1226 +/- 85 bc 1335 +/- 63 c
MU gran 14687 +/- 491 a 13307 +/- 449 a 13997 +/- 429 a 1023 +/- 125 a 1353 +/- 40 c 1188 +/- 94 b

WC mean 14553 +/- 321 a 13423 +/- 202 b 1065 +/- 58 a 1068 +/- 63 a

K concentration Ca concentration
 WC  no WC fert. WC  no WC fert. 

mean se mean se mean se mean se mean se mean se
mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1

control 6547 +/- 364 bc 4541 +/- 401 a 5544 +/- 510 a 1766 +/- 38 abc 1816 +/- 388 a 1791 +/- 175 a
MU tab 6013 +/- 417 b 5239 +/- 405 a 5626 +/- 312 a 1431 +/- 202 a 1977 +/- 202 ab 1704 +/- 177 a

IBDU tab 5868 +/- 718 b 4919 +/- 500 a 5394 +/- 445 a 2032 +/- 139 c 1904 +/- 10 ab 1968 +/- 69 a
DAP gran 7027 +/- 231 c 5302 +/- 481 a 6164 +/- 454 a 1552 +/- 210 abc 2297 +/- 275 b 1925 +/- 227 a
MU gran 4863 +/- 472 a 5164 +/- 272 a 5014 +/- 253 a 1486 +/- 154 ab 2317 +/- 218 b 1902 +/- 221 a

WC mean 6064 +/- 263 a 5033 +/- 175 b 1654 +/- 85 a 2062 +/- 110 b

Mg concentration S concentration
WC  no WC fert. WC  no WC fert. 

mean se mean se mean se mean se mean se mean se
mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1

control 671 +/- 26 a 721 +/- 113 a 696 +/- 53 a 584 +/- 39 b 434 +/- 41 a 509 +/- 42 a
MU tab 550 +/- 43 a 809 +/- 46 abc 679 +/- 64 a 496 +/- 25 a 560 +/- 28 bc 528 +/- 23 a

IBDU tab 680 +/- 45 a 763 +/- 18 a 721 +/- 28 a 587 +/- 16 b 523 +/- 30 b 555 +/- 17 a
DAP gran 650 +/- 43 a 861 +/- 88 abc 756 +/- 64 a 552 +/- 32 ab 572 +/- 14 bc 562 +/- 20 a
MU gran 571 +/- 55 a 934 +/- 49 c 753 +/- 88 a 470 +/- 43 a 609 +/- 41 c 539 +/- 41 a

 
WC mean 625 +/- 22 a 818 +/- 34 b 538 +/- 18 a 540 +/- 20 a
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Fertilization significantly increased P concentration in 2002 (Table 5.16). 

Seedlings treated with DAP (1688 mg kg-1) had a 35 % higher P concentration 

than the MU tablet (1251 mg kg-1) treatment which had the lowest concentration 

which is approaching the lower limit of sufficiency of 1200 mg kg-1 (Table 5.3). 

 

Analysis of foliar concentrations of nutrients at Dillwyn in 2003, detected several 

weed control by fertilizer treatment interactions with individual mineral nutrient 

concentrations. In plots with weed control, P concentration was significantly 

higher in DAP (1443 mg kg-1) treated plots than all other treatments (Table 5.18) 

The lowest P concentrations were found in MU tablet (933 mg kg–1) and control 

treated plots (910 mg kg-1), which were 35 % and 37 % lower than DAP treated 

plots. In plots receiving weed control, DAP treated seedlings were within 

sufficiency levels for P, while the control and MU tablet treated trees were not, 

and IBDU and MU granular treated trees are just below the lower limit of the 

sufficiency range (Table 5.3). In plots without weed control P ranged from 829 

mg kg-1 for the check to 1353 mg kg-1 in MU granular treated seedlings (Table 

5.18), and this difference was significant. In weed control plots, Mn concentration 

ranged from 421.1 mg kg-1 for the IBDU tablet treatment to 266.7 mg kg –1 for the 

MU granular treatment and this difference was significant as well (Table 5.19), 

however all concentrations at both levels of weed control for Mn were considered 

sufficient. 

 

Fascicles weights in weed control plots were 10 % greater than in plots not 

receiving weed control (Table 5.20) after two growing seasons. An interaction  

between weed control and fertilizer treatments was detected in 2003, for fascicle 

weight at the Dillwyn site. Mean fascicle weight was significantly different 

between fertilizer treatments at both levels of weed control. In fertilizer treatment 

plots without weed control, mean fascicle weight was greatest in the DAP 

treatment which was 30 % larger than foliage in IBDU treated plots, which had 

the lowest mean fascicle weight. (Table 5.13). In fertilizer plots with weed  
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Table 5.19. Impacts of weed control and fertilizer on Mn, Cu, Zn, and B concentrations (mg kg-1), at a cut-over site in Dillwyn, VA in  

2003. Means are presented with one standard error. Means followed by the same letter are not signif. different at the 0.10 level, 
Fisher’s LSD. 

 

2003  Mn concentration Cu concentration
fertilizer WC  no WC fert. WC  no WC fert. 

mean se mean se mean se mean se mean se mean se
mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1

control 316.5 +/- 67.0 ab 312.5 +/- 4.3 a 314.5 +/- 35.2 a 4.3 +/- 0.1 a 3.9 +/- 0.3 a 4.1 +/- 0.1 a
MU tab 286.3 +/- 47.5 a 394.3 +/- 4.0 a 340.3 +/- 37.6 a 4.0 +/- 0.6 a 4.1 +/- 0.1 a 4.0 +/- 0.3 a

IBDU tab 421.1 +/- 39.0 b 327.9 +/- 4.6 a 374.5 +/- 27.2 a 4.6 +/- 0.6 a 4.4 +/- 0.3 a 4.5 +/- 0.3 a
DAP gran 406.7 +/- 67.0 b 418.1 +/- 4.7 a 412.4 +/- 50.0 a 4.7 +/- 0.5 a 4.3 +/- 0.2 a 4.5 +/- 0.3 a
MU gran 266.7 +/- 50.3 a 452.8 +/- 4.5 a 359.7 +/- 33.1 a 4.5 +/- 0.2 a 4.4 +/- 0.2 a 4.4 +/- 0.3 a

WC mean 339.4 +/- 54.1 a 381.1 +/- 4.4 a 4.4 +/- 0.4 a 4.2 +/- 0.2 a

 Zn concentration B concentration
 WC  no WC fert. WC  no WC fert. 

mean se mean se mean se mean se mean se mean se
mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1

control 129.3 +/- 43.7 a 45.6 +/- 4.4 a 87.5 +/- 27.1 a 25.6 +/- 6.8 a 16.3 +/- 3.3 a 21.0 +/- 4.0 a
MU tab 88.3 +/- 28.0 a 103.0 +/- 24.2 a 95.6 +/- 16.9 a 21.9 +/- 2.3 a 21.9 +/- 4.0 a 21.9 +/- 2.1 a

IBDU tab 91.7 +/- 37.8 a 58.6 +/- 12.8 a 75.1 +/- 19.3 a 37.1 +/- 13.5 a 21.4 +/- 1.7 a 29.3 +/- 7.0 a
DAP gran 93.9 +/- 27.4 a 91.6 +/- 42.0 a 92.7 +/- 22.4 a 17.2 +/- 3.0 a 42.3 +/- 24.6 a 29.7 +/- 12.4 a
MU gran 84.9 +/- 29.2 a 132.2 +/- 40.2 a 108.6 +/- 24.6 a 23.1 +/- 1.8 a 31.8 +/- 15.1 a 27.4 +/- 7.1 a

WC mean 97.6 +/- 33.2 a 86.2 +/- 24.7 a 25.0 +/- 5.5 a 26.7 +/- 9.7 a
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Table 5.20. Impacts of fertilization and weed control on fascicle weight at a cut-
over site (Dillwyn) after two growing seasons. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fascicle weights(g/ 50 fascicles)
fertilizer WC  no WC fert. 

mean se mean se mean se
mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1

control 5.2 +/- 0.6 a 5.2 +/- 0.9 ab 5.2 +/- 0.5 a
MU tab 5.3 +/- 0.3 a 5.2 +/- 0.3 ab 5.3 +/- 0.3 a

IBDU tab 6.5 +/- 0.5 b 4.6 +/- 0.3 b 5.6 +/- 0.5 a
DAP gran 5.0 +/- 0.5 a 6.0 +/- 0.5 a 5.5 +/- 0.3 a
MU gran 6.3 +/- 0.3 b 5.2 +/- 0.6 ab 5.8 +/- 0.4 a

WC mean 5.7 +/- 0.5 a 5.2 +/- 0.5 a
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control, IBDU plots had the greatest mean fascicle weights, 25 % greater than 

foliage in the control plots (Table 5.20).  

 

Vector analysis 

 

The N vector at the cut-over site at Dillwyn indicates that N was not limiting 

(Figure 5.5). The  IBDU tablet and the MU granular with weed control treatments 

improved N content and foliage weight considerably, however N concentration 

remained stable or decreased slightly, which indicates N was not limiting in these 

soils (Haase and Rose, 1995). The drop in N concentration as a result of the IBDU 

treatment indicates dilution due to increased uptake of other elements and an 

increase in foliage weight. The impact of  MU tablet and DAP on N in foliage 

was slight and un-remarkable after two growing seasons. In plots without weed 

control, the N response due to the DAP granular treatment indicated dilution, and 

a diagnosis that N was non-limiting. The IBDU treatment, in plots without weed 

control indicated a possible antagonistic affect on seedlings due to the 

simultaneous decrease in N concentration, content and fascicle weight.  

 

The P vectors suggest that P was deficient at the cut-over site (Figure 5.6) IBDU 

tablet and MU granular fertilizer treatments with weed control improved 

concentrations and contents for P, and foliage biomass (Figure 5.6), which 

indicates that these two fertilizers were satisfying a P deficiency that was limiting 

tree growth. The P vector response due to the DAP treatment indicated only 

luxury consumption due to the slight change in foliage biomass weight, although 

it contained as much soluble P as MU granular. The MU tablet treatment did not 

elicit a discernable vector response. In plots not receiving weed control the DAP 

treatment increased P concentration, content and biomass, and indicated a P 

deficiency, however the P response due to MU granular and MU tablet indicated 

luxury consumption. 
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Figure 5.5. Vector analysis of impacts of weed control and fertilizer application on N at a cut-over site near Dillwyn . (o) 
control; (+) MU tablet; (x) IBDU tablet; (y) DAP granular; and (z) MU granular. End of  2003 growing season.

Weed control No weed control
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Figure 5.6. Vector analysis of impacts of weed control and fertilizer application on P at a cut-over site near Dillwyn. (o) 
control; (+) MU tablet; (x) IBDU tablet; (y) DAP granular; and (z) MU granular. End of  2003 growing season.

Weed control No weed control
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Potassium, Ca, Mg, S, Mn, Cu, Zn, and B vector diagrams indicated non-limiting 

conditions or luxury consumption, at both levels of weed control and are not 

presented.  

 

Nutrient Ratios 

 

A comparison of N/P ratios at Dillwyn (Table 5.21) indicates that the control in 

2002 and 2003 had higher N to P ratios than reported as satisfactory in the 

literature, indicating a deficiency of P. A ratio range of  8-12 for N/P is 

considered acceptable (Moorehead, 2002 , van den Driessche, 1991). The N to P 

ratio was 16.4 in 2002 and increased to 17.5 in 2003 in control plots. MU and 

DAP granular decreased the ratio to 12.3 and 12.6 by the end of the first growing 

season, however nutrient ratios were not significantly different due to fertilizer. 

IBDU tablet decreased the ratio to 14.0 in 2002, while MU tablet had no effect. In 

2003, all fertilizer treatments had a significantly lower N/P ratio than the control. 

The ratios ranged from 10.7 for the check to 17.5 for the DAP granular treatment 

(Table 5.21). Weed control decreased N/K ratio significantly in 2002 at the cut-

over site, bringing it closer to the reported sufficiency range of 2 – 4 (Moorehead, 

2002 , van den Driessche, 1991). In 2003, at both levels of weed control, N/K 

ratios were well within the sufficiency range.  
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Table 5.21. Nitrogen/P, and N/K ratios in foliage at the cut-over site, in 2002 and 

2003. 
 
 

 

 

 

 

 

 

 

 

 

           Nutrient Ratios at the cut-over site

 2002 2003
N/P ratios N/K ratios N/P ratios N/K ratios

fertilizer fert. fert. fert. fert.
 N/P N/K N/P N/K

 
control  16.4 +/- 1.3 a 4.5 +/- 0.4 a 17.5 +/- 1.2 a 2.7 +/- 0.2 a
MU tab  16.1 +/- 1.7 a 5.0 +/- 0.5 a 14.1 +/- 1.2 b 2.4 +/- 0.2 a

IBDU tab  14.0 +/- 1.7 a 4.1 +/- 0.5 a 14.4 +/- 1.2 b 2.6 +/- 0.2 a
DAP gran  12.6 +/- 1.8 a 4.5 +/- 0.6 a 10.7 +/- 1.2 c 2.3 +/- 0.2 a
MU gran  12.3 +/- 1.1 a 4.2 +/- 0.4 a 12.3 +/- 1.2 bc 2.8 +/- 0.2 a

WC trtmt

weed control 15.0 +/- 0.8 a 4.9 +/- 0.3 a 14.2 +/- 0.7 a 2.5 +/- 0.1 a
no weed control 13.5 +/- 1.1 a 4.0 +/- 0.4 b 13.4 +/- 0.7 a 2.7 +/- 0.1 b
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5.4 Discussion 

 
 

Old field site (Critz) 

 

A large growth response to weed control occurred on this site. There is an extensive body 

of literature that documents the benefits of controlling herbaceous competing vegetation, 

on these types of sites. Shiver and Martin (2002), Kreh and coworkers (1993), 

Fredericksen and coworkers (1992), and Zedaker (1992), have all demonstrated increased 

seedling growth following weed control in the Piedmont. 

 

At the old-field site, the herbaceous vegetation was a heavy stand of fescue, which 

competed strongly with the loblolly pine seedlings. It is apparent that a heavy stand of 

grass competing with a newly established plantation can cause significant growth 

reductions. Haywood and Tiarks (1990 ) also demonstrated the importance of controlling 

herbaceous ground cover dominated by grasses in an upper Louisiana on well-drained 

upland soils. Ludovici and Morris, (1997) demonstrated substantial growth reductions as 

well, 33 % and 50 % for height and diameter, respectively, for loblolly pine in 

competition with grass.  

 

The old-field (Critz) site also experienced a moderate drought in the first growing season, 

which apparently intensified competition for moisture. Rainfall during the growing 

season in 2002 was 34 % below normal (National Weather Service, Stuart, VA). The area 

typically receives 71 cm, but only received 47 cm during the period from April through 

September of 2002. Caldwell and co-workers (1995) demonstrated the importance of 

weed control of grasses under conditions of limited moisture. During a brief drought 

immediately after stand establishment the authors observed a 40 % growth reduction in 

plots not receiving weed control, in red pine on sandy soils in Minnesota. The stand of 

grass in this experiment over topped the planted seedlings in this experiment and reduced 

the amount of radiation suitable for photosynthetic activity by 50 %. The trees grown in 

uncontrolled grass were also N deficient, and had lower P, K and Ca contents. At the old-
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field site in Critz, the competition over-topping the trees became so severe, that all plots, 

alleyways, and buffers not receiving weed control were mowed mid-way through the 

summer in 2002, and again in 2003. As in Caldwell and co-workers (1995) foliar N in 

plots not receiving weed control was below sufficiency levels. In plots receiving weed 

control N concentration was adequate.   

 

The loblolly pine did not respond to fertilizer treatments at the old-field site. This site was 

in agricultural production approximately 35 years ago, and was likely fertilized with N 

and P, annually. Diagnostic foliage testing indicated no soil nutrient deficiencies here and 

this was likely due to residual amounts of nutrients that were applied during past 

cropping activities. We know from forest fertilization that a single application of P is 

usually enough to satisfy the requirements of a plantation forest for an entire rotation 

(Allen, 1987) The initial soil analysis on this site indicated that extractable P was 3.5 mg 

kg-1 which is generally considered sufficient (Havlin et al. 1999). 

 

Cut-over site (Dillwyn) 

 

In contrast to the old-field site, the cut-over site at Dillwyn responded well to both weed 

control and selected fertilization treatments at stand establishment. After two growing 

seasons the response appears to be due to the applied P, and not the applied N. 

Laboratory analysis of foliage was employed to determine this, using a variety of 

analytical methods, including critical levels, vector analysis and nutrient ratios in foliage. 

Apparently, the harvesting and site preparation activities that occurred here and 

concluded approximately eight months before planting contributed to the sufficient N 

levels in soil. An increase in N availability has been observed on similar Piedmont sites 

after harvesting and site preparation.. Evaluating a recently chopped and burned, 

harvested site in the Piedmont of Virginia,  Fox and coworkers (1986) found that the net 

N mineralization rate in soil improved 56 % over that in a similar adjacent un-cut stand.    

 

Testing indicated a P deficiency at the Dillwyn site, which is being corrected by MU 

Gran, DAP Gran and IBDU Tab. These three fertilizer treatments each had significantly 
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greater mean seedling volume than the check and the MU Tab treatment. Each of these 

products contained P, and it was likely this applied nutrient impacted tree growth. There 

is an extensive body of literature from studies that indicate that P is commonly deficient 

where loblolly pine is grown and that correcting it through fertilization can produce 

significant growth responses. A severe P deficiency has been found to exist on well 

drained clay soils in the upper coastal plain of Alabama (NCSFNC, 1997). Six year 

volume growth of loblolly pine increased 50 % following additions of P and 76%  

following additions of N + P on eight study sites in the region. Jokela et al. (2000) 

demonstrated that early fertilization using DAP on a variety of soil types on the Lower 

Coastal Plain of the southeastern US, is beneficial to young loblolly stands, on variety of 

sites including well drained upland soils.  

 

Each of the broadcast granular applications (MU Gran and DAP Gran) provided 44 kg of  

soluble P ha-1 and it was not unexpected to see a volume response in these treatments. 

Although the source of N in the MU gran treatment was a slow release formulation, the P 

source was triple super-phosphate which is very soluble. 

 

The MU Tab treatment provided 1.8 kg of P ha-1 , the smallest amount of any of the 

fertilizer treatments applied. The fact that a volume response was not observed with this 

treatment was apparently due to the small amount of P provided. The amount of P added 

was likely not enough to impact P levels in soil solution allowing for increased uptake. 

There also appears to be very little root development in the immediate vicinity of the MU 

tablet, which was consistently observed in the pot study in Chapter 4. High amounts of 

dissolved salts around the MU fertilizer tablet apparently inhibited root development. The 

salt index of the MU tablet is much higher than IBDU. A salt index above 30 is generally 

considered damaging to plant tissue when placed on the soil surface. Both are lower than 

DAP (34), however DAP was placed on the soil surface whereas MU (25) and IBDU (5) 

tablets were placed in very close proximity to seedling root systems, without a soil buffer. 

Root damage has been observed in another experiment, which placed controlled release 

fertilizers close to seedling root systems. In a study evaluating growth responses of 

Andorra juniper (Juniperus horizontalis Moench.) to controlled release N fertilizers using 
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varying placement methods, Hicklenton (1990) observed significant reductions of root 

and shoot biomass growth due to a dibbled placement of a coated controlled release 

fertilizer (NutricoteTM) placed near the root system. The other controlled release fertilizer 

tested (OsmocoteTM), placed in the same manner did not adversely affect the root system 

and top growth of juniper. In the same study Sarcoxie euonymus (Eunonymus fortunei 

Turcz.) was not adversely affected by any of the fertilizers or placement techniques. 

Considering the findings from the pot and field studies and the study done by Kicklenton, 

it appears that the placement of certain controlled release fertilizers close to the root 

system may be damaging to some tree species. 

 

The IBDU Tab treatment provided approximately 3.7 kg ha-1 of P, 89 % less than the two 

broadcast granular treatments, however the volume response observed was the same.    

The apparent high fertilizer uptake efficiency observed with IBDU is intriguing. In 

contrast to MU Tab, the IBDU tablet was consistently fully encapsulated by the root 

system of the seedlings in the pot study presented in Chapter 4. The slow release 

mechanism, which evidently lengthens the decomposition period to several years, 

apparently prevents salt levels from approaching injurious levels around the IBDU tablet.   

This agrees with Hammamota’s (1977) research, which demonstrated that very high 

levels of IBDU could be applied at the root system and not injure the roots. Hammamota 

(1977) also demonstrated that full decomposition of a 19-g IBDU tablet likely takes 

longer than three years. In a separate decomposition study done by the authors in Cecil 

series soil in the Piedmont of Virginia, full decomposition was estimated to take two and 

one-half years. The intimate contact between the root system and the IBDU tablet and the 

slow release of nutrients appears to allow for very efficient acquisition of nutrients 

released. 

 

There have been only a handful of investigations in forestry applications dealing with 

IBDU. Rose and Ketchum (2002), also observed significant volume responses early on, 

due to IBDU tablet fertilization at stand establishment. The authors observed significant 

responses after the first growing season, on sites with above average soil moisture, in a 

stand of Douglas fir and a stand of Western hemlock in the Pacific Northwest. They used 
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only IBDU as a fertilizer in this study and growth differences were still significant after 

three years. The breakdown mechanism for IBDU is largely chemical hydrolysis, and this 

aspect could affect its importance as a fertilizer source in some Western forests where dry 

conditions commonly occur during the growing season. In the Piedmont region, rainfall is 

fairly uniform throughout the growing season, and relative humidity readings typically 

stay above 60 % during daylight hours in the summer (National Weather Service, Stuart, 

VA). In Southern Australia, Nambiar and Cellier (1985) fertilized Pinus radiata, with 

granular IBDU, buried approximately a meter from the planted seedlings, on sandy soils, 

and observed no impacts after three years. Perhaps applying the fertilizer at this distance 

was too far to adequately impact nutrients levels in soil solution near the root systems of 

the planted seedlings.  

. 

 

Will N become deficient on these sites? 

 
Although N deficiency is not an issue at these sites at the present time, one could arise 

once the stand begins to close and site resources become more limited (Jokela and Long, 

2000, Allen, 1987, Bowen and Nambiar, 1984,  Piatek and Allen , 2001). If one considers 

the history of these types of sites on the Virginia Piedmont, where intensive agriculture 

was practiced, an N deficiency may develop more quickly here, possibly in a matter of a 

few years after planting. If this occurs here, only a fertilizer product with a very long 

decomposition period applied at stand establishment could possibly provide N to meet 

this potential need. The IBDU Tab treatment appears likely to be able to contribute to tree 

nutrition for several years.      

 

A possible application for IBDU forest fertilization 
 

There have been several accounts where forestry fertilizer applications have caused 

considerable spikes in nitrates and ammonium in surrounding waters, especially in soils 

that are already saturated with N (Binkley et al., 1999), which could have a detrimental 

effect on aquatic habitat, especially to salmonids, which are especially sensitive to spikes 

of ammonium and ammonia (Binkley et al., 1999). Effective controlled release fertilizers 
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such as IBDU may prove to be useful where forest fertilization is done in 

environmentally sensitive areas, such as the Chesapeake Bay estuary where there is great 

private and public concern over improving water quality, due to declines in fish 

populations and aquatic diversity. Perhaps where forests are fertilized in close proximity 

to streams containing trout or other salmonids, or sensitive aquatic life, a product such as 

IBDU may provide an alternative, reducing the risk of injuring fish populations. 

   

 

5.5 Conclusion 

 

Weed control seems to be vital where there is a dense stand of herbaceous cover as was 

experienced at Critz, in what is considered an “old field” site. This type of site is one in 

which is commonly reforested with loblolly pine in the Piedmont region. Early weed 

control should be considered, rather than waiting until after the third growing season, 

which is commonly the practice in these areas. Fertilization of these sites at stand 

establishment does not appear warranted based on these results from this investigation.    

 

Fertilization and weed control were beneficial at the cut-over site. Certain fertilizers 

appear to have satisfied a P deficiency, which may be common on these types of sites due 

to past land use.  

 

IBDU tablets at this point are performing as well as the granular surface applied 

fertilizers containing much higher amounts of soluble P. This outstanding efficiency 

warrants further investigation of IBDU as a fertilizer source in forestry applications. In 

addition to current responses, IBDU may be able to deliver needed N once the stand 

closes in a few years, due to its long decomposition period. Applications of IBDU in 

intensively managed stands of loblolly, near environmentally sensitive areas may prove 

to be valuable application for this product.     

  

Although this paper does not address economic issues, controlled release fertilizers are 

commonly more expensive, but the superior efficiency of products such as IBDU begs to 
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reason that work should continue to develop controlled release fertilization 

recommendations for intensive forest management. Applying a small amount of IBDU at 

the seedling root system appears to be quite effective and safe. Perhaps technology will 

develop in mechanized tree planting to allow for delivery of controlled release fertilizers 

simultaneously with tree placement.           
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Chapter 6 

General Conclusions 
 

 

 

In the final chapter of this thesis, achievement of the specified goals and objectives of this 

project, are discussed and evaluated.  

 

 

Determine if forest fertilization with N fertilizers at the time of planting is beneficial on 

upland soil types. 

 

 

Overall, in both experiments which included Piedmont (Cecil series, and Georgeville-

Mattiponi complex) and upland (Clymer series) soils in Virginia, N was found not to 

have an impact on loblolly growth at stand establishment, at this juncture. 

 

In the green house study, the AN Gran fertilizer treatment applied to an upland soil series 

(Clymer) did cause a significant growth response through two growing seasons, 

apparently due to the quick pulse of available nutrients, however it is clear that the added 

N did not illicit the response observed.  

 

In the field studies, N did not appear to deficient or impact growth at either the old-field 

site or the cut-over site. Results of various foliar tests indicated that the significant 

increases in volume observed at a cut-over site near Dillwyn were due to fertilization, 

with P being the nutrient that caused the growth response. It appears that N applied, at the 

rates used in this experiment, at stand establishment is not applicable on these types of 

sites. However, once these loblolly pines begin to enter the rapid growth and leaf 

expansion phase, N deficiencies could arise. On these eroded Piedmont sites N 

deficiencies may arise quicker. Of the fertilizer formulations tested only the IBDU Tab 
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treatment had the ability to provide nutrients for several years. The IBDU Tab treatment, 

with its long decomposition period may be able to provide some N at this juncture.  

 

Determine if fertilizer placement affected growth response and fertilizer efficiency; 

 

 

At both the greenhouse study and the in the field studies it appears that the placement of  

MU tablets at the seedling root system without a soil buffer can cause damage to the root 

system. MU tablet decomposition was nearly complete by the end of year two in the 

greenhouse study, and it appears as though the soil surrounding these dissolving tablets 

contained high levels of dissolved salts which inhibited root development which reduced 

nutrient acquisition. It may be advantageous to provide a soil buffer of at least ten or 

more cm between the tablet and the seedling root system to reduce the risk of damage 

when using MU tablets, however there may not be enough nutrients released to impact 

soil nutrient solution if tablets are placed at any distance from the root system. 

   

At the cut-over site in Dillwyn, IBDU Tab treatment, after two growing seasons, was 

performing as well as the granular broadcast applied fertilizers, which provided almost 90 

% more P per hectare. This suggests that IBDU has excellent fertilizer uptake efficiency, 

and it appears to be due in part to the placement of the fertilizer. In the greenhouse study, 

IBDU tablets were observed to be completely encapsulated by tree roots mid-way 

through the second growing season. The placement of  IBDU tablets at the root system, 

considering its slow release mechanism and the intimate contact of the root system with 

these tablets, apparently allows for the high uptake efficiency. This also points out that in 

soluble fertilizers such as DAP Gran or AN Gran applied at high rates, nutrients not 

acquired by plants are likely lost from the soil profile which could have detrimental 

impacts on sensitive aquatic habitat, although accounts of impacts from forest 

fertilization operations are rare. IBDU may be a viable alternative in areas close to 

critical aquatic habitat or other areas of concern, such as public parks.  
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Although this project did not address economic issues, controlled release fertilizers in 

tablet form are much more expensive than conventional soluble fertilizers, but the 

superior efficiency of products such as IBDU begs to reason that work should continue to 

develop controlled release fertilization recommendations for intensive forest 

management. Applying a small amount of IBDU at the seedling root system appears to be 

quite effective and safe. Perhaps technology will develop in mechanized tree planting to 

allow for delivery of controlled release fertilizers simultaneously with tree placement.           

 

 

Determine if there are significant fertilizer and weed control interactions at the field 

sites. 

 

Weed control and fertilizer interactions were observed at the cut-over site at Dillwyn. 

With complete weed control, the IBDU Tab, MU Tab and DAP Gran fertilizer treatments  

significantly increased growth over the MU Tab treatment and the control. Weed control 

appears necessary in order to achieve growth responses with these fertilizers on these 

types of sites. The impact of fertilizer effect alone was not significant at Dillwyn.  

 

Although there were not responses to fertilizer alone or weed control by fertilizer 

interaction effects, it should be noted that weed control proved to be vital at the old-field 

site. Weed control alone increased tree volume by nearly seven fold. On sites such as 

these, which are commonly reforested with loblolly pine in the Piedmont region, it 

appears that early weed control should be emphasized.  
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