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ABSTRACT

Nitrogen is the most frequently limiting nutrient in southern pine plantations. Previous
studies found that only 10 to 25% of applied urea fertilizer N is taken up by trees.
Enhanced efficiency fertilizers could increase tree uptake efficiency by controlling the
release of N and/or stabilize N. Three enhanced efficiency fertilizers were selected as a
representation of fertilizers that could be used in forestry: 1) NBPT treated urea (NBPT
urea), 2) polymer coated urea (PC urea), and 3) monoammonium phosphate coated NBPT
treated urea (MC NBPT urea). Urea, MC NBPT urea, and NBPT urea fertilizer
treatments showed an extractable NH4+ spike 14 days after fertilization while the
polymer coated urea showed a spike in NH4+ 49 days after fertilization. Total ecosystem
recovery of fertilizer in each treatment was; MC NBPT urea, 51.29 g N; NBPT urea,
48.87 g N; urea, 45.09 g N; and PC urea, 31.30 g N which represents 78.7%, 74.7%,
72.1%, and 47.6% respectively of the total N applied. For the MC NBPT urea, NBPT
urea, and PC urea treatments the largest sinks for N were the forest floor and mineral
soil. The largest sink for fertilizer applied N in the urea treatment was in the tree. The
2011 foliage cohort was the largest sinks for fertilizer N recovered by the tree. N
volatilization was around 20% for all fertilizer treatments except polymer coated
fertilizer, which was 1.1%. Urea preformed the same as the soluble enhanced efficiency
fertilizers and better than the PC urea fertilizer. The results emphasize the importance of
climatic conditions on fertilizer release and effectiveness.
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Chapter 1
General introduction

1.1Justification

The United States is the largest producer of industrial timber in the world, with the
southern states alone accounting for more than half of the Unites States industrial timber
production (Wear and Greis 2002). Projections suggest that forested land will decrease in
the southeast (Prestemon and Abt 2002). As pressure from urban development reduces
the amount of forested land, the importance of increasing stand productivity grows (Sedjo
and Botkin 1997). Dramatic reductions in the amount of timber cut from the National
Forest System (USDA Forest Service 2000), with declines greater than a factor of three
from 1987 to 1999 (Sedjo and Botkin 1997), also increase the necessity for improved
productivity.

Currently, much of the timber harvested in the United States comes from extensively
managed forests with productivity as low as 2 m3ha-1yr-1 (Fox et al. 2007). Intensive
silviculture, which includes a combination of site preparation, species and genotype
selection, competition control, and nutrient amendments, has been found to increase
productivity to 6 to 10 m3ha-1yr-1 (Fox et al. 2007).

The most frequently limiting nutrient in southern pine plantations is nitrogen (N) (Allen
and Ballard 1983; Albaugh et al. 1998). N deficiencies occur when available soil N is
less than the requirements of the stand (Allen et al. 1990). Even when N-availability is
1

adequate at planting, it quickly decreases as the stand grows (Jokela and Long 2000). N
deficiencies limit leaf area production, which is the main factor determining growth rates
(Fox et al. 2007).

Nitrogen fertilizer additions can increase available N to crop trees (Fox et al. 2007).
Millions of hectares have been fertilized since the 1990s, with more than 400,000 ha of
loblolly pine plantations N fertilized annually in the southern United States (Albaugh et
al. 2007). Pine stands in the southeast have been found to exhibit accelerated growth
after fertilization (Jokela and Sterns-Smith 1993; Amateis et al. 2000; NCSFNC 2002;
Bolstad and Allen 1985).

Although many studies show growth responses to N

fertilization, the responses vary from little or no response to over 1 t ha-1 yr-1 (Fox et al.
2007). Better techniques for identifying stands that will respond to N inputs have been
developed (Fox et al. 2007) but improvements can still be made in N fertilizer uptake
efficiency.

The most common N fertilizer used in southeastern silviculture is urea (Binkley et al.
1999). Trees only take up a small fraction of the applied N from urea. Studies find that
on average only 10 to 25% of applied N is taken up by the crop trees (Mead and Prichett
1975; Blazier et al. 2006; Mead et al. 2008). Urea rapidly releases N into the ecosystem.
This rapid release does not correspond to the uptake patterns of crop trees and has been
found to exceed uptake rates of the trees (Voigt 1968; Binkley et al. 1999). Nitrogen that
is not taken up by the tree can be lost from the system through nitrate leaching (Binkley
1986), ammonia volatilization (Nommik 1973), or tied up within other parts of the
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ecosystem, such as competing vegetation (Smethurst and Comerford 1993) or forest
floor.

Most research investigating the effects of N fertilization in pine plantations has
focused on stand growth or canopy responses. A better approach would be
directly measuring fertilizer N tree uptake. Stable isotope techniques allow
researchers to precisely measure nutrient fluxes in forest ecosystems. In this
way, 15 N enriched fertilizers can be used to determine the fate of applied N
moving through an ecosystem (Nadelhoffer and Fry 1994).

Improving pine plantation nutrient management through increased fertilizer uptake
efficiency can boost economic returns and minimizes unintended environmental effects
of forest fertilization. Enhanced efficiency fertilizers could increase the uptake efficiency
of applied fertilizers by controlling the release of N and/or preventing N transformations
after it has been applied (Hauck 1985; Trenkel 2010).

Enhanced efficiency fertilizers are classified into two major categories: slow and
controlled release fertilizers and stabilized fertilizers (Hauck 1985). Slow and controlled
release fertilizers have a semi-permeable/low solubility protective coating, which controls
the rate of dissolution (Trenkel 2010). Slow and controlled release fertilizers are designed
to reduce N loss by slowing the release of urea and consequently the amount of NH4+
added to the soil. Polymer coated urea fertilizers release N after water passes through the
coating, dissolves the urea, and then diffuses through the coating into the soil. The rate
of nutrient release in polymer coated urea is not influenced by soil properties, but instead
3

polymer coating pore size, temperature, and moisture content determine release rate
(Trenkel 2010). Low-solubility coatings such as sulfur and phosphate are forms of slow
release fertilizers. The coating must be removed before the nutrient can be released into
the soil. Release rate is based on soil properties like pH, salinity, and microbial activity
(Trenkel 2010).

Stabilized fertilizers are designed to slow the transformation of N from urea to ammonia
or nitrate thus preventing volatilization and/or leaching. Volatilization inhibitors such as
N-(n-Butyl) thiophosphoric triamide (NBPT) can be added to the urea to inhibit the
activity of the urease enzyme reducing urea hydrolysis and ammonia volatilization
(Bremner and Chay 1986; Byrnes et al. 1989; Van Cleemput and Zhengping 199l).

1.1 Major objectives

This research investigated the release characteristics, ecosystem fate, and uptake
efficiency of a mid-rotation loblolly pine (Pinus taeda) stand as influenced by
enhanced efficiency and conventional soluble fertilizer treatments in the
Piedmont physiographic providence of VA. The objectives of the experiments
were:
1) Compare the release rates of conventional and enhanced efficiency N
fertilizers.
2) Compare the ecosystem N recovery of conventional and enhanced
efficiency N fertilizers.
3) Compare the crop tree N uptake efficiencies of conventional and
4

enhanced efficiency fertilizers.

5
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Chapter 2
Literature review

2.1 Intensive management with forest fertilization

Low levels of available nutrients, primarily N, limit the growth of most pine plantations
in the southeastern United States (Albaugh et al. 1998; 2004; Fox et al. 2007; Jokela and
Martin 2000). Nutrient deficiencies limit tree growth by restricting leaf production and
thus reducing potential photosynthetic capacity (Cannell 1989). Traditionally, agriculture
has been the dominant use for more fertile lands, leaving less fertile lands for timber
production. The soil of the Piedmont physiographic region has experienced severe
degradation and erosion as a result of repeated rotations of intense agriculture (Fox et al.
2007b). Thus, many pine plantations in the southern United States are planted on old
fields that can no longer sustain a crop after years of abusive agricultural practices (Fox
et al. 2007b). Nitrogen fertilization increases soil available N, increasing leaf area, and
thus increasing the growth of the stand (Fox et al. 2007a).

Forest rotation nitrogen cycling

Site nitrogen availability varies during the typical rotation of a pine stand. There is an
initial spike in N availability after harvest and site preparation due to increased microbial
activity and decomposition rates by incorporating organic material into the soil, increased
soil temperature by exposing bare soil to the sun, and aeration of the soil (Vitousek and
Matson 1985; Fox et al. 1986; Burger and Pritchett 1988). Net N soil mineralization
11

decreases over time. In a 1 year loblolly pine stand in the piedmont of North Carolina net
mineralization rates were 80-90 kg N ha-1 yr-1 (Vitousek and Matson 1984; 1985), by age
5 years mineralization declined to 40-50 kg N ha-1 yr-1 (Vitousek et al. 1992). After
canopy closure the rate of litter decomposition slows further, with rates from 20 to 30 kg
ha-1 yr-1 found in a 15 year loblolly pine stand (Piatek and Allen 1999). Pine plantation N
demand follows a sigmoid curve, with low demand at planting when trees are small, rapid
increases in demand as leaf area increases and trees grow, followed by a stabilization of
N demand later in the rotation (Switzer and Nelson 1972; Wells and Jorgensen 1975).
Decreasing N mineralization rates (Piatek and Allen 1999), negligible N fixation (Grant
and Binkley 1987), and atmospheric inputs around 10 kg N ha-1 yr-1 (Richter and
Markewitz 1996) limit the amount of available N. As N availability decreases, demands
increase from around 20.8 kg ha-1 yr-1+ at year 8 to 89 kg ha-1 yr-1 at year 21 from loblolly
pine foliage alone, creating the potential for N deficiencies after canopy closure (Albaugh
et al. 2008). As a result, N fertilization is required to increase soil N availability and
maintain high growth rates.

1.2 Pine plantation fertilization

Fertilization is commonly used to ameliorate nutrient deficiencies, with over 400,000 ha
of loblolly pine fertilized annually in the southeastern United States (Albaugh et al.
2007), with N and N + P the most commonly applied nutrients. Fertilizer is often used
mid-rotation when nutrient deficiencies are most likely to occur (Fox et al. 2007). Midrotation loblolly pine stands have been found to be very responsive to N fertilization with
varying fertilization growth responses dependant on the rate of applied fertilizer (Amateis
12

et al. 2000). Applications of N generally range from 90-224 kg ha-1 (Fox et al. 2007)
and show growth responses for 5-10 years (Amateis et al. 2000; Fox et al. 2007).
Application rates of 224 kg ha-1 yr-1 N and 30 kg ha-1 P show an average growth response
of 3 m3 ha-1 yr-1 over an 8-year period (Fox et al. 2007).

Albaugh et al. (1998) found that fertilization of an 8 year old loblolly pine plantation
increased leaf area and stem volume growth 61% and 28% respectively. Growth
response models of loblolly pine plantations with mid-rotation N +P fertilization by
Amateis et al. (2000) and Hynynen et al. (1998) showed growth increases of about 1.5 m
ha-1 yr-1 over an 8 year period. Albaugh et al. (2009) also found a growth response
following a one-time fertilization of 90 kg N and 22 kg P on a 13 year old loblolly pine
plantation of about 3.9 m3 ha-1 yr-1. Though many studies in the southeastern US have
shown responses to N fertilization, some stands fail to respond (Amateis et al. 2000),
resulting in a large range of site response to N and P fertilization from 0 upwards to 8 m3
ha-1 yr-1 (Rojas 2005).

The variable growth responses following N fertilization observed in southern pine
plantations could be the result of different fertilizer uptake efficiencies. Granular urea is
the most commonly used fertilizer in the southeastern United States. Urea is preferred
because it has a high N concentration, a relatively low cost, and can be easily and safely
stored, handled, and transported (Halvin et al. 2005). Unfortunately, N uptake by pine
following urea application in pine plantations is only 10 to 25% of applied N (Mead and
Pritchett, 1975; Blazier et al. 2006; Mead et al. 2008). The remaining fertilizer N is
either lost or tied up in other ecosystem components.
13

2.3 Fate of applied nitrogen

Nutrient uptake by crop trees will vary according to soil properties and environmental
conditions (Dilz, 1988). The fate of applied fertilizer is determined by complex
interactions between roots, microorganisms, soil physical and chemical properties, and
biological processes. Granular urea rapidly releases N into the environment, often
exceeding maximum tree uptake (Hauck, 1985; Binkley et al. 1999). The fertilizer N that
exceeds immediate tree demand interacts with the soil environment, becoming
unavailable to crop trees in the future (Havlin et al. 2005).

Once urea is applied to the forest floor it is hydrolyzed by the urease enzyme via the
following enzymatic reaction:
[2.1]

(NH2)2CO + 2H2O + H→ 2NH4+ + HCO3-

Depending on moisture and temperature conditions, hydrolysis begins within a matter of
days (Overrein and Moe, 1967). As shown in figure 2.1, NH4+ is subject to several fates:
1) uptake by vegetation (uptake by competing vegetation); 2) converted to NO2- and NO3(denitrification or leaching) 3) immobilized by heterotrophic bacteria (immobilization);
or 5) converted to NH3+ (volatilization) (Havlin et al. 2005).

Uptake by competing vegetation

Crop trees must compete with other vegetation in the stand for resources. Negative
impacts of competing vegetation on pine growth are well documented (Morris et al.
14

1993). Pine stands are most limited by herbaceous weeds during the first three years
after planting (Miller et al. 1991). Over time the negative effects of herbaceous weeds
diminish and hardwoods become the primary competitor for nutrients (Tiarks and
Haywood 1986). Loblolly pine stands have shown good responses to weed control with
growth responses lasting for 8 to 10 years (Glover at el. 1986).

Nitrification and Leaching

NH4+ can be converted to NO3- through nitrification, a microbial mediated process.
Nitrification occurs in two steps. First NH4+ is converted to NO2-, then NO2- is converted
to NO3- (equation shown below) (Havlin et al. 2005).
[2.2]

step 1

2NH4+ + 3O2 nitosomonas 2NO2- + 2H2O + 4H+

[2.3]

step 2

2NO2- + O2 nitrobacter 2NO3-

Many factors influence the rate of nitrification including the supply of NH4+, soil
aeration, soil moisture, and soil temperature. NH4+ is required to produce NO3-, and both
reactions are mediated by microbes, therefore, warm temperatures and moist soil
conditions (up to field capacity) are favorable for both urea hydrolysis and nitrification
(Havlin et al. 2005). Soil aeration is another important factor since O2 is also required for
the reaction. The rate of nitrification is highest when soil O2 concentrations equal
atmospheric concentrations (Havlin et al. 2005). NO3- is highly mobile in soil; it is water
soluble and not strongly absorbed to the anion exchange sites. It can be rapidly utilized
by competing vegetation, leached, or lost as nitrogen gas in anaerobic conditions
(Vitousek et al., 1983). Leaching is not thought to be a large loss pathway in many
forest soils (Jorgensen et al. 1975). However, after large disturbances like harvest
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increased mineralization, nitrification, and reduced plant uptake can elevate N losses
from leaching (Vitousek and Melillo, 1979; Hornbeck et al. 1975).
Denitrification

Denitrification is the reduction of NO3- to NO, N2O, and N2. Some microorganisms
which get their oxygen from NO3- will oxidize NO3- under anaerobic conditions (Havlin
et al. 2005). In forested soils denitrification primarily occurs on sites with anaerobic
conditions (Lowrance et al. 1995; Davidson and Swank, 1987) or with significantly
increased NO3- levels during periods of rapid immobilization (Robertson et al. 1987;
Vitousek and Matson 1985).

Microbial Immobilization

Immobilization occurs when NO3- and NH4+ are converted to organic forms of N (Brady
et al. 2008). Microbes are often limited by N, and will immobilize it if the decomposing
substrate has a high C:N ratio (Gosz 1984; Binkley 1986). This removes N from soil
solution reducing available N to crop trees. Due to the C:N ratio of litter in forest
ecosystems N immobilization is common in the first stages of needle decomposition
(Berg and Staaf 1981; Prescott et al. 1992).

Ammonia volatilization
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Surface applied urea has a high potential for ammonia (NH3) volatilization. The NH4
produced by urea hydrolysis can then be converted to NH3 + and lost through ammonia
volatilization.
[2.4]

NH4+ →NH3 + H+

Because volatilization (equation 2.4) is primarily concentration and pH dependent, NH3
volatilization occurs when the pH increases above 9.3. Since the urea hydrolysis creates
a localized zone of high pH around the dissolving granule it is likely NH4+ is will be
volatilized to NH3. N loss from volatilization is less likely to occur if the N is already
incorporated into the soil, since the soil will buffer the pH and NH3 must diffuse through
the soil before coming in contact with the atmosphere (Halvin et al. 2005). Ammonia
volatilization rates from urea applications in pine plantations have been found to range
from near 0 to over 50% (Kissel et al. 2013). A wide range of conditions like soil type
(Kissel et al. 2009), moisture after fertilization (Kissel et al. 2004), and fertilization rate
(Volk 1959) effect ammonia volatilization and can explain the wide variability in
volatilization. Because the rate ammonia volatilization in the mineral soil is lower than
on the soil surface, incorporating the urea into the soil before it is hydrolyzed can
decreases ammonia volatilization losses.

2.4Enhanced efficiency fertilizer

Management techniques can be used to reduce soil N loss. Fertilizer application timing,
weed control, and better fertilizer selection are management techniques currently used in
forestry and have been found to increase fertilizer N uptake efficiency (Fox et al. 2007b;
Miller et al. 1991). Chemical and physical modifications of traditional urea have been
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developed in an attempt to reduce the amount of N lost after application. Fertilizers using
these techniques are called enhanced efficiency fertilizers.

Enhanced efficiency fertilizers are classified into two major categories: slow and
controlled release fertilizers and stabilized fertilizers (Hauck, 1985).
Shaviv (2005) classifies slow release fertilizers into 3 categories; 1) organic-N lowsolubility compounds, 2) inorganic low-solubility compounds, and 3) physical barriers
(table 2.1). The principal behind slow and controlled release fertilizers is to create a
semi-permeable/low solubility protective coating over the fertilizer which controls the
rate of dissolution (Trenkel 2010). Controlled and slow release fertilizers are most
effective at reducing N loss by matching plant nutrient demand, reducing volatilization,
and reducing leaching loss. Low-solubility coatings such as sulfur and phosphate are
forms of slow release fertilizers. The coating must be dissolved before the nutrient can
be released into the soil. Release rate is based on soil properties like pH, salinity, and
microbial activity (Trenkel 2010). Polymer coated urea fertilizers are a form of
controlled release fertilizer that release N after water passes through the coating,
dissolves the urea, and then diffuses through the coating into the soil. Unlike other slow
release fertilizers, the rate of nutrient release is not influenced by soil properties, instead
polymer coating pore size, temperature, and moisture content determine release rate
(Trenkel 2010).

Stabilized fertilizers are designed to slow the transformation of N from urea to ammonia
or nitrate thus preventing volatilization or leaching (table 2.1). Volatilization inhibitors
such as N-(n-Butyl) thiophosphoric triamide (NBPT) can be added to the urea to stabilize
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the N. NBPT inhibits the activity of the urease enzyme reducing urea hydrolysis and thus
reducing volatilization losses (Bremner and Chay 1986; Byrnes et al. 1989; Van
Cleemput and Zhengping; 199l). Nitrification inhibitors depress the activity of
nitrosomonas bacteria which reduce NH4+ during the first step of nitrification. Delaying
nitrification can reduce N loss through leaching and denitrification (Trenkel 2010).

Responses to enhanced efficiency fertilizers

Enhanced efficiency N fertilizers have been used in agricultural systems since the 60’s
(Trenkel 2010). A meta-analysis of research in Chinese rice fields since 2008 using
coated fertilizer and urease inhibitor fertilizer treatments found coated fertilizers
significantly reduced NO and NO2 emissions (Akiyama et al. 2002). Yang et al. (2012)
found 22-27% increased rice yield using a resin coated fertilizer compared to urea, and 5
% increased rice yield with treatments of 100 kg N ha-1 of controlled release resin
fertilizer compared to 200 kg N ha-1 of urea. Carreres et al. (2003) found polymer coated
urea fertilizers increased rice grain yields and N use efficiency when irrigation was
applied 15 days after fertilizer application. Another study which combined data from 136
field trials on various crops found that nitrification inhibitors significantly increased crop
yield for winter wheat, wetland rice, and corn across different regions and soil types
(Pasda et al. 2001).

Enhanced efficiency fertilizers have also been shown to be effective in horticulture.
Fernández-Escobar et al. (2004) found that when higher application rates of fertilizer N
(2 g N verses .75 g N) were applied to potted olive trees the coated fertilizers showed
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larger growth rates than the tradition fertilizers. Almeida et al. (2012) found polymer
coated urea fertilizer increased stem diameter and number of leaves for lime and
tangerine rootstocks. Paramasivam et al. (2001) found that controlled released fertilizers
reduced leaching losses to 2.2 kg ha-1 yr-1 compared to 11.4 kg ha-1 yr-1 with soluble
fertilizers.

Most research looking at the effectiveness of enhanced efficiency fertilizers in forestry
has been on container grown conifer seedlings. Limited research has looked at enhanced
efficiency fertilizers in forested land. A review of the Nursery Technology Cooperative
research in the Pacific Northwest using controlled release fertilizers showed varied
growth responses (Jacobs et al. 2003). They found that results differed based on soil
moisture availability. Sites with more available soil moisture had higher growth
responses to the controlled release fertilizers (Jacobs et al. 2003). Haase et al. (2007)
determined the nutrient release rates of controlled release fertilizers in a western Oregon
clearcut site. The fertilizer treatments, 3-4 and 8-9 month manufacture labeled release
period, released slower than labeled rates with only 72% and 48% of fertilizer by mass
released after 62 weeks. Hasse et al. (2007) attributed this to temperatures below 21°C
and low soil moisture. Zerpa and Fox (2011) compared the ammonia volatilization rates
of enhanced efficiency fertilizers in a southeastern loblolly pine stand. The study found
both enhanced efficiency treatments reduce ammonia volatilization losses compared to
conventional urea when weather conditions favored volatilization (Zerpa and Fox 2011).

Three enhanced efficiency fertilizers were selected for this study as a representation of
fertilizers that could be used in forestry. Two forms of slow release fertilizers were
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selected, inorganic low-solubility and physical barrier, as well as a stabilized fertilizer.
Agrotain UltraTM (NBPT urea) is a fertilizer additive containing NBPT manufactured by
Koch Agronomic Services, LLC, which can be blended with granular urea forming a
soluble N fertilizer treated with NBPT. Agrotain UltraTM contains NBPT is at a rate of
26.7% by weight. ESN (PC urea) is a polymer coated urea manufactured by Agrium
Advanced Technologies Inc. where the rate of N release is dependent on pore size of the
coating. The ESN used in this study was designed to release about 80% after 120 days in
the laboratory setting. Arborite ECTM is a slow release urea fertilizer used in forest
fertilization. Arborite ECTM has a monoammonium phosphate coating (MC) and is treated
with NBPT (MC NBPT urea).

2.5 Ion exchange membrane soil nitrogen sampling

To determine the effect of enhanced efficiency fertilizers it is important to measure N soil
availability after fertilizer application. Ion exchange resin (IER) methods have been used
to measure plant available nutrients in soil since the 1950’s (Qian and Schoenau 2002).
Binkley (1986) found N accumulation using IER bags correlated well to other N
mineralization methods. In field IER has been found to be superior to laboratory
methods. Binkley and Matson (1983) compared IER-N to various in lab methods for
estimating N availability in forest soils and found the infield IER-N method more
accurately reflected on-site environmental characteristics. The infield IER-N method
showed significant treatment effects while the laboratory methods did not (Trenkel 2010).
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Ion exchange membranes (IEM) are also used to measure nutrient availability in soil
because of easier handling and ability to measure nutrients within an easily defined
surface area (Qian and Schoenau 2002). Compared to IER, IEM’s reduce soil
disturbance, allowing repeated measurements in a given area (Johnson et al. 2005).
The IER-N method also had larger estimates of N than the in lab methods (Trenkel 2010).
Subler et al. (1995) found IEM measurements of NO3- strongly correlated to NO3--N
concentrations, but the IEM extraction method showed some limitations. NO3- uptake
was not linear over time, with gradual uptake on IEM’s following an initial rapid uptake
(Subler et al. 1995). However, Subler et al. (1995) conclude that IEM’s are still a useful
method for estimating plant available N. Pare et al. (1994) found IEM extract to correlate
with NO3- measured from 2M KCl extractions; however this study also found NO3adsorption to IEM’s reduced over time suggesting that IEM’s became saturated under
high NO3- concentration conditions. Many studies have used IEM extraction to measure
soil N availability in forest systems (Huang and Schoenau 1996; Turriónet al. 1997;
Hangs et al. 2004; Elliot and Fox 2006).

2.6 Stable 15N isotope

The exact amount of applied fertilizer taken up by crop trees is not well known. Most
research studying loblolly pine plantation response to N fertilizer use empirical growth
responses of trees. These methods are limited because there is no way to distinguish
between N coming from different pools and N uptake cannot be quantitatively calculated.
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Stable isotope theory

Stable isotopes are naturally occurring isotopes of a given element that differ in
molecular weight due to the number of neutrons present. The presence of stable isotopes
is quantified in the environment as a ratio of the heavier isotope to the lighter isotope (R)
and measured using an isotope ratio mass spectrometer. Isotope ratios are compared to
an elemental standard ratio, and the difference in these ratios is represented as (δ in per
mil (0/00) (Lajtha and Michener 1994).
[5]

δ15N = 1000 *((Rsample/Rstandard)-1),

Where R is the abundance ratio of heavier isotope to lighter isotope (Dawson et al. 2002).
An enriched substance will have a positive δ while a sample with less of this heavier
isotope than the standard will have a negative δ value.

Nitrogen has two naturally occurring stable isotopes, 14N and 15N, which have an
atmospheric percent abundance of 99.63% and 0.3663% respectively. Atmospheric N is
the isotope ratio standard for N and has an R of 0.00368 and a δ15N value of 0.
15

14

N and

N function the same chemically, but because of the difference in mass 14N is sometimes

favored over 15N in physiological and biological processes in plants and microbes, called
fractionation. Fractionation creates distinct 14N/15N ratios. As N cycles through soils,
microbial biomass and vegetation fractionation occurs giving different substrate distinct
δ15N values (Nadelhoffer and Fry, 1994 . Fry (1991 found plant tissues to have a δ15N
range of about -15 to +2 δ15N. Forest soil is generally enriched with 15N so the δ15N is
positive, although the actual value changes with depth becoming increasingly more
positive. Maritti et al. (1980 found soil near the surface had a similar δ15N to the surface
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litter and increased as depth increased to about +5 0/00 at a depth of 30cm. Other studies
have found similar results with soil δ15N increasing as depth increases on a wide range of
soil types (Wada et al. 1981; Wada et al. 1984; Shearer and Kohl 1986).
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N stable isotope methods

Stable isotopes allow researchers to trace N without changing the element’s behavior or
composition in the ecosystem (Hogberg 1997). Two main methods have been developed
using 15N/14N ratios to track the fate of N through ecosystems; natural abundance and
enriched. Natural abundance methods use naturally occurring isotope levels to observe
nitrogen cycling within an ecosystem. Enriched isotope methods use labeled substances
which have isotope ratios well beyond the natural levels. The enriched substance is then
followed through the ecosystem.

Forest soils contain a large N pool making it hard to distinguish applied N fertilizer from
N already in the soil (Fisher and Binkley 2000; Flint 2006). Applying a 15N enriched
fertilizer allows one to determine the fate and measure the quantity of applied N against
the background levels of soil N (Powlson and Barrachlough 1993). In this way, the
amount of applied N retained by the system can be measured in every component,
including soil, forest floor, and plants.

The cost of 15N has limited the use of 15N enrichment methods in forest ecosystems.
Forest ecosystem studies are often performed on a larger scale requiring a significant
amount of 15N, compared to agricultural studies that have commonly utilized this method
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(Hauck 1973; Hauck and Bremner 1976). Terrestrial ecosystems have a small δ15N range
(figure 2.2 . Since there is a small range of δ15N, an application of an enriched N source
with atom % excess, or level of enrichment compared to elemental standard δ15N, as low
as 0.4 can be used to precisely measure the fate of the fertilizer in the ecosystem
(Nadelhoffer and Fry 1994). Low level enrichment decreases the amount of 15N required
reducing the cost of a study. Numerous studies in forested systems have been carried out
using both high (Tietema et al. 1998; Perakis and Hedin 2001; Seely and Lajtha 1997)
and low 15N enrichment (Currie and Nadelhoffer 1999; Dinkelmeyer et al. 2003;
Nadelhoffer et al. 2004; Perakis et al. 2005; Mead et al. 2008).

Previous research has determined that about 10 to 30% of applied fertilizers make it into
the crop tree (Heilman et al. 1982; Blaizer et al. 2006; Mead et al. 2008). A 3 year old
loblolly pine plantation in Oklahoma fertilized with urea and diammonium phosphate
showed fertilizer N recovery from 6 – 25% (Blaizer et al. 2006). Mead et al. (2008)
found on average 14.5% N fertilizer N recovery10 years after application in a 38-39 year
old Douglas-fir stand in British Columbia. Heilman at al. (1990) found higher N
recoveries which averaged 30% of applied fertilizer in 7-9 year old Douglas fir forests in
Washington. Unfortunately, none of these represent southeastern loblolly pine midrotation fertilization conditions. This study will use a 15N enriched urea fertilizer of 0.5
atom % on an intensively managed loblolly pine stand. This enrichment level is more
than 20% above the common natural abundance range in forested ecosystems (0.3626
atom % to 0.3718 atom %) (Nadelhoffer and Fry 1994).
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2.8 Table and figures

Table 2.1: Classification of enhanced efficiency fertilizers
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Figure 2.1: Fate of applied urea fertilizer after application in a forested ecosystem.
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Figure 2.2: range of δ15N in terrestrial and aquatic ecosystems (Bedard-Haughn et al.
2003) (used under fair use, 2013).
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Chapter 3
Release characteristics of 3 enhanced efficiency fertilizers in a mid-rotation Pinus taeda
stand
Abstract
Nitrogen (N) is the most frequently limiting nutrient in southern pine plantations.
Previous studies found that on average 10 to 25% of applied urea fertilizer N is taken up
by crop trees. Enhanced efficiency fertilizers could increase the uptake efficiency of
applied fertilizers by controlling the release of N and/or preventing fertilizer N losses.
Three enhanced efficiency fertilizers were selected for this study as a representation of
fertilizers that could be used in forestry. NBPT treated urea (NBPT urea) is an N
stabilizing fertilizer inhibiting the activity of urease, polymer coated urea (PC urea)
controls the release through liquid diffusion through pores, and a monoammonium
phosphate coated NBPT treated urea (MC NBPT urea ) designed to slow the release of
urea and reduce volatilization. The objective of this study was to compare the release
rates of enhanced efficiency fertilizers to urea. Urea, MC NBPT urea, and NBPT urea
fertilizer treatments showed an extractable NH4+ spike 14 days after fertilization while
the PC urea showed a spike in NH4+ 49 days after fertilization. It is likely there were no
differences in the release rates of the soluble fertilizers because of a 4cm rain event on
day 7. This rain event was most likely large enough to dissolve the soluble fertilizer and
move them into the forest floor and mineral soil. Due to the overall low levels of
precipitation, and long release rating of the polymer coated treatment it is possible not
all of the N was released from that fertilizer treatment during the study period.
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3.1 Introduction

Nutrient deficiencies, which lead to low leaf area, are one of the primary causes of poor
tree growth and low forest productivity in loblolly pine (Vose and Allen 1988). The most
frequently limiting nutrient in southern pine plantations is nitrogen (Allen and Ballard
1983; Albaugh et al. 1998). Even when N-availability is adequate at planting, it often
decreases as the stand matures leading to N deficiencies later in the rotation (Fox et al.
2007). Fertilization is widely used to ameliorate N deficiencies (Fox et al. 2007). In
2004 alone, 400,000 ha of forested land in the southeast were fertilized with N (Albaugh
et al. 2007). The cumulative growth responses for loblolly pine following fertilization
application of 224 kg N ha-1 and 28 kg P ha-1 over 8 years averages 31 m3 ha-1 (Fox et al.
2007).

Granular urea is the most commonly used N fertilizer in the southeastern United States
because of its high N concentration, easy storage and transport, and relatively low cost.
Uptake efficiency of N from urea in pine plantations is usually low with only 10 to 25%
of applied N taken up by the crop trees (Mead and Prichett 1975; Blazier et al. 2006;
Mead et al. 2008). Urea rapidly releases N into the environment which may exceed the
maximum tree uptake (Hauck 1985; Binkley et al. 1999).

N not taken up by the crop

trees can become unavailable through ammonium volatilization, microbial
immobilization, nitrate leaching, denitrification, and uptake by competing vegetation
(Havlin et al. 2005).
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Low uptake rates coupled with high fertilizer costs highlights the need to improve
fertilizer uptake efficiency (USDA Economics Research Service 2010). Chemical and
physical modifications of traditional urea have been developed in an attempt to reduce
the amount of N lost after application (Shaviv 2005). Fertilizers using these techniques
are called enhanced efficiency fertilizers and are classified into two groups: slow release
fertilizers and stabilized fertilizers (Hauck 1985).

Slow release fertilizers commonly use a coating to control the release of N. Examples of
these coatings include a semi-soluble compounds or semi-permeable polymer coatings.
For the N to be released into the environment the semi-soluble compounds must be
decomposed or dissolved. In the case of semi-permeable polymer coating, water must
pass through the coating, dissolves the urea, which then can diffuses through the coating
into the soil. These mechanisms help protect the urea until there are high moisture
conditions allowing the urea to move into the mineral soil, slowing the release of N, and
potentially reducing loss through ammonia volatilization and leaching.

Stabilized fertilizers are designed to slow the transformation of N. Volatilization
inhibitors such as N-(n-Butyl) thiophosphoric triamide (NBPT) can be added to the urea
to inhibit urease activity, reducing urea hydrolysis.
[3.1]

CO(NH2)2

Urease

2NH4+ + HC03-

[3.2]

NH4+

NH3 + H+

Inhibiting urease activity can give the urea more time to enter the mineral soil where it is
less likely to volatilize (Kissel et al. 2004).
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Most researching looking at the effectiveness of enhanced efficiency fertilizers in forestry
has been on container grown conifers seedlings with limited research looking into
enhanced efficiency fertilizers in forested land. A review of the Nursery Technology
Cooperative research in the pacific North West using controlled release fertilizers showed
varied growth responses (Jacobs et al. 2003). They found that results differed based on
soil moisture availability. Sites with more available soil moisture had higher growth
responses to the controlled release fertilizers (Jacobs et al. 2003). Haase et al. (2007)
determined the nutrient release rates of controlled release fertilizers in a western Oregon
clearcut site. The fertilizer treatments, 3-4 and 8-9 month manufacture labeled release
period, released slower than labeled rates with only 72% and 48% of fertilizer by mass
released after 62 weeks. Hasse et al. (2007) attributed this to temperatures below 21°C
and low soil moisture. Zerpa and Fox (2011) compared the ammonia volatilization rates
of enhanced efficiency fertilizers in a southeastern loblolly pine stand. The study found
both enhanced efficiency treatments reduce ammonia volatilization losses compared to
conventional urea when weather conditions favored volatilization (Zerpa and Fox 2011).

Three enhanced efficiency fertilizers were selected for this study as a representation of
fertilizers that could be used in forestry. Two forms of slow release fertilizers were
selected, inorganic low-solubility and physical barrier, as well as a stabilized fertilizer.
Agrotain UltraTM (NBPT urea) is a fertilizer containing the additive NBPT manufactured
by Koch Agronomic Services, LLC, which can be added to granular urea forming a
soluble N fertilizer treated with NBPT. Agrotain UltraTM contains NBPT is at a rate of
26.7% by weight. ESN (PC urea) is a polymer coated urea manufactured by Agrium
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Advanced Technologies Inc. ESN is a polymer coated controlled release fertilizer where
the rate of release is dependent on pore size. The ESN used in this study was designed to
release about 80% of the fertilizer after 120 days. Arborite ECTM (MC NBPT urea) is a
slow release and N stabilized urea fertilizer used in forest fertilization. Arborite ECTM has
a monoammonium phosphate coating (MC) over a NBPT treated urea granule.

The objectives of our research were to compare the release characteristics of conventional
urea and the three enhanced efficiency fertilizers in a mid-rotation loblolly pine
plantation located in the Piedmont physiographic region of Virginia and test the
following null hypothesis:
H1: There were difference in extractable soil NH4+and NO3- between check and fertilizer
treatments.
H2: There were differences in extractable soil NH4+ and NO3- between urea and the
enhanced efficiency fertilizers.
H3: There were differences in extractable soil NH4+ and NO3- between the enhanced
efficiency fertilizers.

3.2 Methods

The goal of this study was to measure the rate of N release following broadcast
application of urea, MC NBPT urea, NBPT urea, and PC urea to the forest floor in a
loblolly pine plantation.

3.2.1. Site description
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The study was conducted in an 9-year old loblolly pine stand located in the Piedmont
physiographic province at the Reynolds Homestead Research Center, Patrick Country,
A (36 38’43.7’’N 80 8’57.5’’ . The pine plantation had a stand density of 2222 stems
ha-1, average tree height of 9.8 m and average diameter at breast height (DBH) of 15 cm.
The soils are well drained Fairview series (fine, kaolinitic, mesic Typic Kanhapludults)
with a mean pH 4.41(0.15), buffer pH 5.97(0.08), total carbon 12.74 (3.80) g kg-1 in the
top 15 cm of mineral soil (Virginia Tech soil lab). Mean daily temperature, precipitation,
and soil moisture were collected from a NRCS meteorological station (RCS Soil Climate
Analysis Network Site SCAN site 2089) located 5 m outside the loblolly pine stand in a
field. Mean monthly temp ranged from 18.7°C in May to 24.1°C in August and
cumulative rainfall during this time was 12.6 cm (NRCS Soil Climate Analysis Network
Site SCAN site 2089). Comparatively, the historic mean monthly temperatures range
from 17.8°C in May to 23.6°C in August while mean normal cumulative precipitation is
51.2 cm from May to August (National Climate Data Center 2010, Stuart, VA, US).

3.2.2. Experimental Design

This study was established as a completely randomized block design with 5 treatments
and 4 replications. The treatments included: 1) Check (no fertilizer); 2) urea; 3) NBPT
urea; 4) MC NBPT urea; and 5) PC urea. Fertilizer treatments were applied at a rate of
150 kg N ha-1. Since MC NBPT urea contains 9% P2O5, triple superphosphate (TSP) was
added to all other treatments to provide an equal the amount of P in all fertilizer
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treatments. The fertilizer treatments were broadcast by hand to the forest floor in a 25 m2
circular plot on May 10th, 2011.

The stand was established in an area used for a previous study evaluating loblolly pine
seedling fertilization and weed control (Kyle 2004). Fertilizer and weed control
treatments were applied at planting in the previous study. Kyle (2004) found no
significant differences in soil N, foliage N concentrations, or tree growth among the
fertilizer treatments. Blocking in the present study was based on the treatments in the
previous study so that any residual effects from the previous treatments 9 years ago were
accounted for in the block effect (table 3.1). As shown for the pretreatment samples
described below, there were no significant block effects prior to establishing the current
study, in addition the block effects in the post treatment data from the current study were
not significant, further evidence that the residual effects of the previous study were
negligible.

3.2.3. Pretreatment sampling

Forest floor and soil samples were collected prior to fertilization to determine
pretreatment soil characteristics. Soil samples were collected from four locations in each
plot at 0-15 cm and 15-30 cm, using a 1.9 cm diameter soil probe. The samples were
oven dried at 70 C, sieved through a 2mm screen, and ground. Forest floor samples were
collected from a 15 cm x 15 cm frame and included Oi, Oe, and Oa. The samples were
oven dried at 70 C, weighed and ground in a
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iley mill with a 1mm screen.

Soil and forest floor samples were analyzed for C and N by dry combustion on an
Elementar VarioMAX CNS analyzer (Elementar, Hanua, Germany). Soil samples were
analyzed for water pH (WpH), buffer pH (BpH), and Mehlich 1 extractable P, K, Ca, Mg,
Zn, Mn, Cu, Fe and B at the Virginia Tech Soil Testing Laboratory. There were no
significant differences in soil 0-15 cm and soil 15-30 cm for any pretreatment soil
chemical properties (table 3.2).

3.2.4. Ion Exchange Membrane-N

Soil N availability was measured using Ion exchange membranes (IEM) in each plot
following the procedures in Huang and Schoenau (1996). Cation and anion membrane
sheets (Ionics Inc., Watertown, MA) were cut into 32 cm2 (8 cm x 4 cm) rectangles.
Cation and anion membranes were kept separate throughout the duration of the study.
The membranes were rinsed with deionized water (DI) and submerged in 1 M NaCl
solution for 24 hours before field use, then rinsed with DI water before being inserted
into the mineral soil. Starting four weeks before fertilizer application, two cation and
anion membranes were placed into each plot and replaced every two weeks. IEM’s were
inserted into the mineral soil at a 45 angle 2-10 cm below the soil surface. Samples were
collected starting May 10th 2011 on days 0, 14, 28, 49, 65, 84, 95, and 112 after fertilizer
application, ending on August 29th, 2011. After removal from the mineral soil, IEM’s
were washed with DI water to remove adhering soil particles, sealed in a labeled plastic
bag, and stored at 4 C until extraction.
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Absorbed NH4+ and NO3- were extracted by placing the two cation and two anion
membranes in separate 250 mL polyethylene bottle along with 50 mL of 1 M KCl and
shaken for an hour. Cation and anion membranes were kept in separate polyethylene
bottles. The membranes were removed and the extracts were analyzed for nitrate (US
EPA Method 353.2) and ammonium (US EPA Method 350.1) using a TRAACS 2000
Auto Analyzer (SEAL Analytical, Mequon, WI). After extraction the membranes were
washed with DI water, rinsed in 10% HCl, and placed in 1 M NaCl for at least 24 hours
to recharge.

3.2.5. Statistical analysis

Available NH4+ and NO3- were compared over time using analysis of variance with
repeated measures using PROCMIXED in SAS (SAS institute, Cary, NC), following the
procedure by Littell et al. (1998). The covariance structure that best modeled the NH4+
and NO3- data covariance was Toeplitz (teop) based the AIC values. LS means slice
option was used to determine significant differences within sample dates and Tukey’s
HDS test was used to test the differences among fertilizer treatments. A statistical
significance of α = 0.05 was used.
3.3. Results

Wide variation of extractable NH4+ among treatments were found (figure 3.1).
Extractable NH4+ for the soluble fertilizers peaked on day 14 after fertilization, then
dropped down to baseline and remained there through the end of the study (figure 3.1).
The polymer coated urea treatment did not peak until day 49 after fertilization, and then
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dropped down to baseline through the end of the study (figure 3.1). Significant
differences in fertilizer treatments for extractable NH4+ were found on collections days 14
and 49 after fertilization (table 3.3). On day 14, MC NBPT urea , NBPT urea and urea
had significantly higher extractable NH4+ than PC urea and check, though there were no
significant differences between MC NBPT urea , NBPT urea, and urea on day 14 (table
3.4). On collection day 49, the PC urea treatment was significantly different from the
check at α = 0.05 and significantly different from the NBPT urea and urea treatments at α
= 0.1 (table 3.4).

There were no significant differences in extractable NO3- at any sampling date (table 3.3).
Extractable NO3- was less than 120 µg cm-2 of IEM surface area throughout the study
period (figure 3.1).

Average daily air temperature ranged from 13.5 C to 29.6 C, with a mean of 22.9 C and
the average daily soil temperature ranged from 18.6C and 29.9 C, with mean of 26.0 C
during the study (figure 3.2). The average monthly air temperature was about 1 degree
higher than the historic normal average air temperature. There were 49 days of
precipitation with rain events ranging from 0.3 cm to 4.1 cm. There were three rain
events that were greater than 2.5 cm on days 7, 15, and 34, with clusters of rain events
occurring from days 2 to10, 14 to 20, 57 to 62, and days 95 to 99 (figure 3.2). Probably
the most important rain event to affect fertilizer release was the 4 cm event on day 7.
This was sufficient enough to dissolve the soluble fertilizers and move the NH4+ into the
mineral soil. The cumulative rainfall was about 75% less than the historic normal
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average for these months. Percent soil moisture fell after day 28 and remained low for
the rest of the study, ranging from 8.6 % to 44.7% with an average of 13.6% (figure 3.2).

3.4 Discussion

The MC NBPT urea, NBPT urea, and urea treatments spiked in Extractable NH4+ at day
14 after fertilization. These three fertilizers are all soluble fertilizers. Based on literature
in agriculture, it takes urea around 2-10 days to complete hydrolysis under suitable
environmental conditions (Hargrove, 1988; Bayrakli, 1990; Gould et al. 1986). The spike
in Extractable NH4+ on day 14 followed several days of rain and high soil moisture
percent, supplying adequate moisture for urea hydrolysis. The rain was sufficient to
dissolve the urea in the urea and NBPT urea treatments and dissolved the map coating
and then the urea in the MC NBPT urea treatment. Since soil moisture was above field
capacity there was enough moisture to then move the urea into the soil.

NBPT is a urease inhibitor and should slow the release of NH4+ into the soil. Gioacchini
et al. (2002) found NBPT treated urea significantly slowed the hydrolysis of urea with
87% of the urea hydrolysis compared to 71.3% in an NBPT treated urea by day 10.
Since the peak of urea and NBPT urea extractable NH4+ occurred at day 14 it is possible
the NBPT urea did slow the hydrolysis but it could not be shown in the in the data
because the fist IEM membrane sample occurred on day 14.

Though MC NBPT urea has a coating potentially slowing the hydrolysis of urea, it
showed a spike of NH4+ at day 14 along with the urea treatment. Cahill et al. (2010)
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found MC NBPT urea fertilizer release rates to be the same as urea in Cecil soils. The
MC NBPT urea is water soluble and in moist conditions should dissolve quickly. Since
there were several rain events after application it would be expected that the MC would
be removed allowing time for the urea to undergo hydrolysis before samples were collect
on day 14.

The PC urea treatment slowed the release of N, with a delayed peak in extractable NH4+
at day 49. This is consistent with results from Cahill at al. (2010), who also found a
delayed release of N compared to urea and MC NBPT urea fertilizer treatments. The PC
urea extractable NH4+ peak also had a smaller value than the other fertilizer treatments.
Though the peak was smaller, there was no significant difference in the total extractable
NH4+ measured between treatments suggesting the PC urea released urea more gradually
into the soil. Many studies have shown the effect of temperature on PC urea release rate
(Salman et al., 1989; Gandeza et al., 1991; Haderlein et al., 2001). Hasse et al. (2007),
found that their controlled release fertilizer treatments, with manufacture release times of
3-4 and 8-9 month, took, much longer to release nutrients with only 72% and 48% of
fertilizer by mass released after 62 weeks. Hasse et al. (2007) attributed this to
temperatures below 21°C and low soil moisture. Through air temperature remained
below 20 C until day 14 which likely slowed the release of N from the PC treatment,
extractable NH4+ remained low even after temperatures increase suggesting moisture was
a more significant factor in the PC urea’s N release.

The 15N urea granules used in the study were 3-5 mm in diameter which is smaller than
typically used in production of the PC urea product (Alan Blaylock, personal
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communication). This would have decreased the surface area of the PC granule and
slowed the release. Combined with low rainfall and dry soil conditions during the
second half of the study, this could explain the slow release of the PC urea. In addition,
the laboratory release of N was 80% after 120 days, due to the smaller urea granule size
in the PC urea (Alan Blaylock, personal correspondence). IEM’s were only collected
through day 112 after fertilization and it is possible that some of the urea remained inside
the polymer coating at the end of the study. Visually, this seemed to be the case because
PC urea granules were visible in the forest floor throughout the study period.

Available NO3- did not increase after fertilizer application. Other studies have found an
increase in nitrification after fertilization (Raison et al. 1992, Hart and Stark 1997), with
nitrification increases in direct relation to mineralization rates (Goncalves and Carlyle
1994). This is because NO3- is made available through nitrification, which converts NH4+
to NO3-. In this study, the low extractable NO3- observed in all the treatments suggests
that nitrification was minimal on this site and that the NH4+ produced was rapidly utilized
by the trees, immobilized by the microbial populations, or absorbed to soil CEC sites.

3.5 Conclusions

The release rates of the soluble fertilizer treatments, MC NBPT urea, NBPT urea, and
urea, appeared to have the same N release in this study and were found to be consistent to
other research. The soluble fertilizers quickly released N, which peaked by day 14, while
the PC urea treatment released N more slowing into the soil. In order to pick up
differences in the release pattern of the soluble fertilizers, IEM could have been collected
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more frequently shortly after fertilization. If the MC NBPT urea and NBPT urea
treatments were able to slow the release from day 0 to day 14 compared to the urea
treatment they might be effective at reducing N loss later in the study. The release of N
from the PC urea may have been delayed because of the dry soil conditions and the
smaller size of the fertilizer granule, consistent with other research.

The PC urea

treatment noticeably slowed the release of N and had a smaller spike in N. If the N
remained in the PC urea granule as visual evidence suggests, then it is likely that N
would be released through time and could become available to the trees. This could have
advantages if the spike of availability from the soluble fertilizers is higher than plant
demand, because N not readily taken up by crop tree can be lost to the system or taken up
by another component making it unavailable.
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3.6 Tables and figures

Table 3.1: Blocking assignments in present study based on the fertilizer treatments
applied at stand planning in the previous study (Kyle, 2004). This was done to prevent
treatment effects from previous study on this study’s treatments. Isobutylidenediurea
(IBDU) and methylene urea (MU) are N fertilizers used in Kyle (2004) inserted into the
planting hole at a rate of 17g and 5 g per tree respectively. Diammonium phosphate
(DAP) and triple super phosphate (TSP) and phosphorus fertilizers used in Kyle (2004)
broadcast at a rate of 224 and 101 kg ha-1 respectively.
Plot Block Treatments at planting (Kyle, 2004)

Treatments for present study

6

1

Two 17g IBDU fertilizer tablets

0.05 15N atom enriched NBPT urea

10

1

Two 17g IBDU fertilizer tablets

Check

18

1

Two 17g IBDU fertilizer tablets

0.05 15N atom enriched MC NBPT
urea

22

1

Two 17g IBDU fertilizer tablets

0.05 15N atom enriched PC urea

25

1

Two 17g IBDU fertilizer tablets

0.05 15N atom enriched urea

4

2

Three 5g MU fertilizer tablets

0.05 15N atom enriched PC urea

9

2

Three 5g MU fertilizer tablets

Check

14

2

Three 5g MU fertilizer tablets

0.05 15N atom enriched urea

21

2

Three 5g MU fertilizer tablets

0.05 15N atom enriched NBPT urea

27

2

Three 5g MU fertilizer tablets

0.05 15N atom enriched MC NBPT
urea

3

3

101 kg ha-1 TSP broadcast

0.05 15N atom enriched NBPT urea

11

3

101 kg ha-1 TSP broadcast

0.05 15N atom enriched PC urea

12

3

101 kg ha-1 TSP broadcast

Check

20

3

101 kg ha-1 TSP broadcast

0.05 15N atom enriched MC NBPT
urea

23

3

101 kg ha-1 TSP broadcast

0.05 15N atom enriched urea

8

4

224 kg ha-1 DAP broadcast

0.05 15N atom enriched urea

13

4

224 kg ha-1 DAP broadcast

0.05 15N atom enriched MC NBPT
urea
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17

4

224 kg ha-1 DAP broadcast

0.05 15N atom enriched NBPT urea

28

4

224 kg ha-1 DAP broadcast

Check

29

4

224 kg ha-1 DAP broadcast

0.05 15N atom enriched PC urea
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Table 3.2: ANOVA probabilities block (blk) and treatment (trt) for pretreatment soil
physical properties of the soil at 0 -15 cm, soil and at 15 -30 cm.
pH
blk

Buffer pH
trt

blk

%C

trt

%N

C to N ratio

blk

trt

Blk

trt

blk

trt

Soil, 0 to -15

0.0937

0.2551 0.5339

0.9255

0.8455

0.2291

0.8957

0.3007

0.4640

0.7930

Soil, -15 to -30

0.7106

0.8210 0.2137

0.6908

0.9990

0.4763

0.9993

0.5747

0.9747

0.8858
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Table 3.3: PROC mixed repeated measures probabilities for NH4+ x IEM collection day
and NO3- x IEM collection day. Values in bold italics are less than 0.05
Collection day
0
14
28
49
65
84
95
112

NH4+
p
1.0000
<.0001
0.32666
0.0436
0.5840
0.8590
0.9851
0.6708

NO3P
0.9982
0.4491
0.7393
0.1629
0.5818
0.1059
0.9993
0.4265
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Table 3.4: PROC mixed repeated measure Tukey HDS probabilities for NH4+ on
collection day 14 and 49. Bold values indicate significant at 0.05.
treatment

treatment

Collection day

P

Check

MC NBPT urea

14

<.0001

Check

NBPT urea

14

<.0001

Check

PC urea

14

0.9355

Check

Urea

14

<.0001

MC NBPT urea

NBPT urea

14

0.0546

MC NBPT urea

Urea

14

0.5083

NBPT urea

Urea

14

0.3508

PC urea

MC NBPT urea

14

<.0001

PC urea

NBPT urea

14

<.0001

PC urea

Urea

14

<.0001

Check

MC NBPT urea

49

0.0229

Check

NBPT urea

49

0.3195

Check

PC urea

49

0.0045

Check

Urea

49

0.2928

MC NBPT urea

NBPT urea

49

0.2347

MC NBPT urea

Urea

49

0.2567

NBPT urea

Urea

49

0.9544

PC urea

MC NBPT urea

49

0.4636

PC urea

NBPT urea

49

0.0530

PC urea

Urea

49

0.0599

69

Figure 3.1: NH4+ and NO3- extractable in days after fertilizer application for the fertilizer
treatments. Days with significant differences are noted on the graph.
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Figure 3.2: Daily precipitation (cm), average daily soil and air temperature (C and
percent soil moisture during the duration of the study located at the Reynolds Homestead,
Patrick County, VA.
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Chapter 4
Nitrogen uptake and ecosystem retention in Loblolly Pine following fertilization with 15Nenriched enhanced efficiency fertilizers.

Abstract
Nitrogen is the most frequently limiting nutrient in southern pine plantations. Previous
studies found that on average10 to 25% of applied urea fertilizer N is taken up by trees.
Enhanced efficiency fertilizers could increase the uptake efficiency of applied fertilizers
by controlling the release of N and/or preventing N losses. Three enhanced efficiency
fertilizers were selected for this study to represent fertilizers that could be used in
forestry. NBPT urea is an N stabilizing fertilizer inhibiting the activity of urease, PC urea
controls the release of N by liquid diffusion through pores in a polymer coating, and MC
NBPT urea slows urea release using a semi-soluble coating which must be dissolved.
Stable isotope techniques allow researchers to quantify relationships between plants,
nutrients, and their environment. 15N enriched fertilizers can be used to determine the
fate of applied N moving through an ecosystem. The objective of this study was to
compare the release rates of enhanced efficiency fertilizers to urea. Total component
recovery (g) of fertilizer N in each treatment was; MC NBPT urea, 51.29 g N; NBPT
urea, 48.87 g N; urea, 45.09 g N; and PC urea, 31.30 g N which represents 78.7%,
74.7%, 72.1%, and 47.6% of the total N applied respectively for the four treatments.
For the MC NBPT urea, NBPT urea, and PC urea treatments the largest sink for N was
in the forest floor and mineral soil. The largest sink of fertilizer applied N for the urea
treatment was in the tree. Within the tree the 2011 foliage cohort was the largest sinks
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for fertilizer N recovered by the tree. N volatilization was around 20% for all fertilizer
treatments except PC urea which was 1.1%.

4.1. Introduction

Nutrient deficiencies, which lead to low leaf area, are one of the primary causes of poor
tree growth and low forest productivity in southern loblolly pine (Vose and Allen 1988).
The most frequently limiting nutrient in southern pine plantations is nitrogen (N) (Allen
and Ballard 1983; Albaugh et al. 1998). Even when N availability is adequate at
planting, it often decreases as the stand matures leading to N deficiencies later in the
rotation (Fox et al. 2007). Fertilization is widely used to ameliorate N deficiencies (Fox
et al. 2007). In 2004, over 400,000 ha of forested land in the southeast were fertilized
with N (Albaugh et al. 2007). The cumulative growth responses for midrotation loblolly
pine following application of 224 kg N ha-1 and 28 kg P ha-1 over 8 years averages 31 m3
ha-1 (Fox et al. 2007). However, not all sites respond to N fertilization. Previous work
with loblolly pine found that 85% percent of mid-rotation fertilizer trials showed a
positive growth response (Rojas 2005).

Granular urea is the most commonly used fertilizer in the southeastern United States, in
part because of its high N concentration, easy storage and transport, and relatively low
cost. Uptake efficiency of N from urea in pine plantations is low with only 10 to 25% of
applied N taken up by the crop trees (Mead and Prichett 1975; Blazier et al. 2006; Mead
et al. 2008). Urea rapidly releases N into the environment which may exceed the
maximum tree uptake (Hauck 1985; Binkley et al. 1999).
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Released N that is not taken

up by crop trees can become unavailable through ammonium volatilization, microbial
immobilization, uptake by competing vegetation, and nitrate leaching (Havlin et al.
2005).

Low uptake rates coupled with high fertilizer costs highlights the need to improve
fertilizer uptake efficiency (USDA Forest Service 2000). Chemical and physical
modifications of traditional urea have been developed in an attempt reduce the amount of
N lost after application (Hauck 1985). Fertilizers using these techniques are called
enhanced efficiency fertilizers and are classified into two groups: slow release fertilizers
and stabilized fertilizers (Hauck 1985). Slow release fertilizers commonly use a coating
to control the release of N. Examples of these coating include a semi-soluble compounds
such as monoammonium phosphate (MAP) and semi-permeable polymer coatings. N is
released from the semi-permeable polymer coating when water passes through the
coating, dissolves the urea, which then diffuses through the coating into the soil. This
protects the urea until there are high moisture conditions, slowing the release of N and
potentially reducing loss through ammonia volatilization and leaching.

Stabilized fertilizers are designed to slow the transformation of N. Volatilization
inhibitors such as N-(n-Butyl) thiophosphoric triamide (NBPT) can be added to the urea
to inhibit urease activity, reducing urea hydrolysis.
[3.1]

CO(NH2)2

Urease

2NH4+ + HC03-

[3.2]

NH4+

NH3 + H+

Inhibiting urease activity can give the urea more time to enter the mineral soil where it is
less likely to volatilize (Kissel et al. 2004).
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Most research looking at the effectiveness of enhanced efficiency fertilizers in forestry
has been on container grown conifers seedlings with limited research looking into
enhanced efficiency fertilizers in forested land. A review of the Nursery Technology
Cooperative research in the pacific North West using controlled release fertilizers showed
varied growth responses (Jacobs et al. 2003). They found that results differed were
largely driven by differences in soil moisture availability. Sites with more available soil
moisture had higher growth responses to the controlled release fertilizers (Jacobs et al.
2003). Haase et al. (2007) determined the nutrient release rates of controlled release
fertilizers in a western Oregon clearcut site. The fertilizer treatments, 3-4 and 8-9 month
manufacture labeled release period, released slower than labeled rates with only 72% and
48% of fertilizer by mass released after 62 weeks. Hasse et al. (2007) attributed this to
temperatures below 21°C and low soil moisture. Zerpa and Fox (2011) compared the
ammonia volatilization rates of enhanced efficiency fertilizers in a southeastern loblolly
pine stand. The study found both enhanced efficiency treatments reduce ammonia
volatilization losses compared to conventional urea when weather conditions favored
volatilization (Zerpa and Fox 2011). Three enhanced efficiency fertilizers were selected
for this study as a representation of fertilizers that could be used in forestry.

In order to improve the returns and reduce environmental impacts of forest fertilization
there needs to be better predictors of crop tree response (Fox et al. 2007). In order to
better predict which sites will respond to N fertilizer there needs to be a better
understanding of the fate of applied N and uptake of applied N by crop trees.
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Use of stable isotopes of N allows researchers to observe and quantify relationships
between plants, nutrients, and their environment (Dawson et al. 2002).

15

N enriched

fertilizer can be used in this way to determine the fate and measure the uptake of applied
N (Knowles and Blackburn 1993).

15

N is naturally found at low levels accounting for

only about 0.3663% of total N in the atmosphere (Dawson et al. 2002). Due to its low
natural abundance 15N can be used as a tracer to follow the movement of applied N
within an ecosystem (Knowles and Blackburn 1993) by adding enough 15N to create
detectible changes in 15N abundance after treatment. A 15N enriched fertilizer can be
accurately measured at it moves through the soil, roots, tree, and the forest floor. Tree N
uptake can be measured directly through mass-balance techniques (Nadelhoffer and Fry
1994). Various studies have used 15N to follow the fates of N inputs into forests
(Buchmann et al. 1995; Mead et al. 2008; Seely and Lajtha 1997; Tietema et al. 1998;
Van Dam and Van Breemen 1995).

15

N enriched studies have been carried out in two ways. Traditionally high atom % 15N

additions (within the range of 10 – 50 atom %) have been applied at small scales
(Nadelhoffer and Fry 1994). The price of 15N limits feasibility of these techniques at
large scales, which Nadelhoffer and Fry (1994) classify as 0.05 ha or larger. Since the
natural abundance of 15N in natural materials has a relatively small range of 0.3626 –
0.3718 atom% 15N and highly sensitive mass spectrometers have been developed it is
possible to use small atom% 15N additions (within the range 0.4029 – 0.7326 atom% 15N)
at the large scale (Nadelhoffer and Fry 1994). Many studies have shown the feasibility in
this approach (Currie et al. 1999; Dinkelmeyer et al. 2003; Nadelhofferand Fry 2004; and
Perakis et al. 2005; Mead et al. 2008).
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Previous research has determined that about 10 to 25% of applied fertilizers make it into
the crop tree (Mead and Pritchett 1975; Blaizer et al. 2006; Mead et al. 2008). A 3 year
old loblolly pine plantation in Oklahoma fertilizer with urea and diammonium phosphate
showed nitrogen use efficiency from 6 – 25%. Mead et al. (2008) found on average14.5%
N fertilizer recovery10 years after application in a 38-39 year old Douglas-fir stand in
British Columbia. Heilman et al. (1982) found higher N recoveries which averaged 30%
of applied fertilizer in 7-9 year old Douglas-Fir forests in Washington, US.
Unfortunately, none of these represent southeastern loblolly pine mid-rotation conditions.
This study will use a 15N enriched urea fertilizer of 0.5 atom % on an intensively
managed loblolly pine stand. This enrichment level is more than 20% above the common
natural abundance range in forested ecosystems (0.3626 atom % to 0.3718 atom %)
(Nadelhoffer and Fry 1994).

This study investigated the uptake efficiency of 15N enriched enhanced efficiency
fertilizers in a mid rotation loblolly pine plantation located in the Piedmont physiographic
region of Virginia. The following null hypotheses were tested:
H01: There were no differences in crop tree fertilizer uptake between the fertilizer
treatments.
H02: There were no differences in belowground fertilizer retention between the fertilizer
treatments.
H03: There were no differences in N volatilization between the fertilizer treatments.
H04: There were no differences in ecosystem retention between the fertilizer treatments.
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4.2. Methods

4.2.1. Site descriptions

The study was conducted in an 9-year old loblolly pine stand located in the Piedmont
physiographic province at the Reynolds Homestead Research Center, Patrick Country,
A (36 38’43.7’’N 80 8’57.5’’ . The pine plantation had a stand density of 2222 stems
ha-1, average tree height 9.8 m and average diameter at breast height (DBH) 15 cm. The
soils are well drained Fairview series (fine, kaolinitic, mesic Typic Kanhapludults) with a
mean pH of 4.41(0.15), buffer pH of 5.97(0.08), total carbon of 12.74 (3.80) g kg-1 in the
top 15 cm of mineral soil (Virginia Tech soil lab data). Mean daily temperature,
precipitation, and soil moisture were collected from a NRCS meteorological station (RCS
Soil Climate Analysis Network Site SCAN site 2089) located 5 m outside the loblolly
pine stand in a field. Mean monthly temp ranged from 18.7°C in May to 24.1°C in
August and cumulative rainfall during this time was 12.6 cm (NRCS Soil Climate
Analysis Network Site SCAN site 2089). Comparatively, the historic mean monthly
temperature ranges from 17.8°C in May to 23.6°C in August while mean normal
cumulative precipitation is 51.2 cm from May to August (National Climate Data Center
2010, Stuart, VA, US).

4.2.2. Experimental Design
Two forms of slow release fertilizers were selected, inorganic low-solubility and physical
barrier, as well as a stabilized fertilizer were used in this study. Agrotain UltraTM
(NBPT urea) is a fertilizer containing the additive NBPT manufactured by Koch
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Agronomic Services, LLC, which can be added to granular urea forming a soluble N
fertilizer treated with NBPT. Agrotain UltraTM contains NBPT is at a rate of 26.7% by
weight. ESN (PC urea) is a polymer coated urea manufactured by Agrium Advanced
Technologies Inc. ESN (44-0-0) is a polymer coated controlled release fertilizer where
the rate of release is dependent on pore size. The polymer coating on the ESN used in this
study was designed to release about 80% of the fertilizer after 120 days. Arborite ECTM
(MC NBPT urea) is a slow release urea fertilizer used in forest fertilization. Arborite
ECTM (39-9-0) has a monoammonium phosphate (MAP) coating over a NBPT treated
urea granule.

This study was established as a randomized complete block design with 5 treatments and
4 replications. The treatments included: 1) Check (no fertilizer); 2) urea; 3) NBPT urea;
4) MC NBPT urea; and 5) PC urea. Fertilizer treatments were applied at a rate of 150 kg
N ha-1. Since MC NBPT urea contains 9% P2O5, triple superphosphate (TSP) was added
to all other treatments to provide an equal the amount of P in all fertilizer treatments. The
fertilizer treatments were broadcast by hand to the forest floor in a 25 m2 circular
treatment plot centered between 2 loblolly pine trees on May 10th, 2011 (figure 4.1).
Within the 25m2 fertilized plots a 4.5m2 sample plot was created around one randomly
selected sample tree representing the growing space available to each tree based on the
1.5m x 3m tree spacing (figure 4.1). At the fertilizer rate 15 g/m2 of N used in this study,
375 g of N were added to each treatment plot and 67.5 g of N were added to each sample
plot. All post treatment soil and forest floor samples were collected within this sample
plot. Fertilizer N recovery was calculated using the amount of fertilizer N applied to this
sample plot.
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The stand was established on a site used for a previous study evaluating loblolly pine
seedling fertilization and weed control (Kyle 2004). Fertilizer and weed control
treatments were applied at planting in the previous study. Kyle (2004) found no
significant differences in soil N, foliage N concentrations, or tree growth among the
fertilizer treatments at this site. Blocking in the current study was based on the
treatments in the previous study so that any residual effects from the previous treatments
9 years ago were accounted for in the block effect (table 4.2). As shown in the results
section, the block effects in the current study were not significant, further proof that the
residual effects of the previous study were negligible. There were also no differences in
pretreatment soil chemical properties as discussed below.

4.2.3. Pretreatment sampling

Samples were collected to determine if differences in soil and forest floor N existed
before fertilizer treatments were applied. Soil samples were collected from 4 locations in
each plot at 0-15 cm and 15-30 cm, using a 1.9 cm diameter soil probe. The samples
were oven dried at 70 C, sieved through a 2mm screen, and ground. Forest floor samples
were collected from a 15 cm x 15 cm frame and included Oi, Oe, and Oa. The samples
were oven dried at 70 C, weighed and ground in a

iley mill with a 1mm screen.

Root cores (10cm x 7.6 cm in diameter were collected from each plot. Fine roots
( 4mm were manually separated from the soil collected in the soil cores, washed, dried
at 70 C, weighed, and ground in a ball mill. Soil and forest floor samples were analyzed
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on the IsoPrime100 Ion Ratio Mass Spectrometer (IRMS) (Isoprime Ldt., Stockport, UK)
for C and N percent and δ.

Foliage samples were collected from each sample tree prior to treatments as follows.
One branch from the upper 1/3 of the crown and a second branch from the lower 1/3 of
the crown were collected using a pole pruner. 25 intact fascicles from each flush of the
pervious growing season were collected from each branch and placed in separate paper
bags. Foliage samples were dried at 70 C for at least 24 hours, weighed and then ground
in a ball mill. Foliage samples were analyzed on the IsoPrime100 IRMS (Isoprime Ldt.,
Stockport, UK) for C and N. There were no significant differences in pretreatment soil
chemical properties at depths 0-15 cm and soil 15-30 cm (Table 4.3), forest floor %N,
and foliage %N (table 4.4).

4.2.4. Post Treatment Samples

At the end of the growing season, October - November, 2011, one of the two trees in the
center of the plot was randomly selected for destructive sampling to quantitatively
determine N uptake from the applied fertilizers. Each tree was felled with a chainsaw
and separated into components. The crown (branches and foliage) were separated into
two sections. Green weights were collected for the stem and both crown sections in the
field. One crown section was taken back to the lab, all foliage was removed from the
branches and separated by needle cohort. Branches and needles were then weighed, oven
dried, and weighed for dry weight. Subsamples of each component were collected and
then dried at 70 C to determine moisture content. Moisture content was used to correct
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the green weight of each component to a dry weight mass. Separate subsamples of the
foliage, branches, bark, and bole wood were collected for N and 15N analysis. To
determine the %N and δ15N values subsamples were dried at 70 C, ground in a ball mill,
and analyzed using an IsoPrime100 IRMS (IsoprimeLdt., Stockport, UK).

4.2.5. 15N Mass Balance Methodology

A mass balance technique described in Nadelhoffer and Fry (1994) was used to evaluate
fertilizer δ15N to background δ15N abundance. Assuming no isotopic fractionation:
[4.3]

Mlabeled = Mfinal(δ15Nfinal – δ15Ninitial)/( δ15Nlabeled – δ15Ninitial)

[4.4]

%N from fertilizer in component = ((δ15Nfinal – δ15Ninitial /( δ15Nlabeled –
δ15Ninitial)) x100

Where Mlabeled is the mass of 15N added to the system; Mfinal is the final mass of the
component N pool δ15Ninitial is the initial 15N abundance of the component N pool;
δ15Nlabeled is the 15N abundance of the added fertilizer; and δ15Nfinal is the final 15N
abundance of the component N pool. Equation 4.4 provides the percent of the N in the
component that came from the fertilizer. However that needs to be converted to percent
fertilizer recovery. This was done using equation 4.5-8:
[4.5]

Water content = (green wtsubsample – dry wtsubsample) / dry wtsubsample

[4.6]

Component dry wt = green wtcomponent / (1 + water content)

[4.7]

% 15N from label in component =
(δ15Ncomponent – δ15Npretreatment /( δ15Nfertilizer – δ15Npretreatment)

[4.8]

Total N (g) = (Component dry wt x %N)/100

[4.9]

N derived from fertilizer (g) in component =
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((Total N x % 15N derived from fertilizer)/100)
[4.10]

% N derived from fertilizer in component = (N derived from fertilizer (g)
in component / 15N fertilizer (g))*100

4.2.6. N volatilization

N volatilization for the fertilizer treatments was determined using the static chamber
method described in Zerpa and Fox (2011). 30.5 cm diameter polyvinyl chloride pipe
was inserted into the soil, cutting through the forest floor first to avoid disrupting it. Two
polyurethane foam disks with a density of 0.03 g cm-3, diameter of 30.5 cm, and
thickness of 2 cm were suspended in the chamber 10 and 20 cm above the forest floor,
respectively. The disks were soaked in 2.25 mol L-1 H2PO4 plus 4% (v/v) glycerol
solution. The disks acted as a sorbing surface and the solution as a sink for the NH3. The
chambers were loosely covered to prevent rain from coming in.

The bottom disk was replaced at day 15 and 30. The top disks remained in placed and
sprayed with acid solution weekly. Foam disks were transported to and from the lab in
plastic bags. 250 mL 2M KCl were added to the bag with the foam disk and shaken for
30 min. The extraction solution was then squeezed from the disk and placed in a beaker.
This was done a second time without shaking, then the extracted solution was weighed
and the weight was converted to a volume based on solution density. The pH of the
extractions was buffered to a pH of 7 ± 0.5 using 1 mol L-1 NaOH solution. The extract
was then analyzed for NH4+ using the TRAACS 2000 Auto Analyzer (Seal Analytical,
Mequon, WI).
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4.2.7. Statistical Analysis

The study was analyzed as a randomized complete block design with 4 blocks and 5
treatments (20 measurement plots). Component biomass, %N, N content, and N derived
from fertilizer were analyzed using analysis of variance (ANOVA) in JMPTM platform by
SAS (SAS, Cary, NC). Mean comparisons were done using Tukey LSD at an alpha level
of 0.05. Log transformations were used when necessary to correct for normality. Percent
data was arcsine transformed before analyzed. N volatilization data was compared over
time by using ANOVA with repeated measures using PROCMIXED in SAS (SAS, Cary,
NC), following the procedure by Littell et al. (1998). The covariance structure that best
modeled the data covariance was unstructured based on Akaike’s information criterion
(AIC) values.

4.3 Results

4.3.1. N recovery in trees

One growing season after fertilizer application there were no significant treatment
differences in biomass of individual components of the total tree biomass which ranged
from 19.6 to 32.1 t/ha (table 4.4). There was a significant treatment difference in the N
concentration of the 2010 foliage cohort; with higher N concentration in the MC NBPT
urea treatment (1.4%) compared to the check and PC urea treatment (1.19%). There were
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no significant differences in the N concentration of the other components or in or in any
of the N contents.

The fertilizer treatments had significantly higher δ15N than the check for all tree
components at a 0.05 level except the PC urea branch δ15N, which was significantly
different at a 0.1 confidence level (table was 4.4). NBPT had significantly higher foliage
2010 δ15N than the PC treated urea with no other significant differences among 2010
foliage fertilizer treatments (MC MBPT urea, 35.4; PC urea. 23.2; NBPT urea, 42.7; urea,
30.1. There were no δ15N differences for fertilizer treatments in the 2011 foliage, branch,
bole wood and bark, coarse roots, and fine roots components which ranged from 53.577.9, 19.8-34.9, 20.5-22.3, 19.5-21.6, and 54.6-83.3 respectively. The δ15N signatures in
the foliar cohorts and fine roots were similar and much higher than the other tree
components demonstrating preferential accumulation of fertilizer derived N in these
components.

There were no differences in g of N recovered from fertilizer for the branch or fine root
components which ranged from 0.48-1.85 g/component, 0.19-0.47 g/component (table
4.4). There was significantly more fertilizer N recovery in the NBPT urea treatment
(4.55 g/component) than the PC urea treatment (1.62 g/component) for the 2010 foliage
cohort. Higher fertilizer N recovery was found in urea 2011 foliage cohort, bole wood
and bark, coarse roots and the total tree (11.93 g/component, 5.11 g/component, 1.5
g/component, and 23.95 g/component respectively) compared to the PC urea treatment
(5.44 g/component, 2.71 g/component, 0.1 g/component, 10.73 g/component
respectively). No other differences were detected in g of N recovered among the other
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fertilizer treatments. Total tree N recovery for MC NBPT urea, PC urea, NBPT urea, and
the urea treatments were 18.65 g/component, 10.73 g/component, 21.01 g/component,
and 23.95 g/component respectively which represent 30.4%, 17.1%, 32.7%, and 40.8%
of applied fertilizer.

4.3.2. N recovery in Forest floor and Soil

There were no significant differences among treatments in mass, percent N, and N
content for the forest floor or the mineral soil at the 0-15 cm and 15-30 (table 4.5). PC
urea had the significantly highest forest floor δ15N at 115.8 compared to MC NBPT urea,
62.8, NBPT urea, 62.5, and urea, 65.3. There no significant differences in mineral soil 015cm and mineral soil 15-30cm δ15N for fertilizer treatments which ranged from 9.4-15.1
and 9.3-11.3 respectively. PC urea had significantly higher g of N recovered from
fertilizer than the unfertilized check with 3.85 g/component recovered. All fertilizer
treatments had significantly higher N recovered from fertilizer than the unfertilized check
in the 0-15cm mineral soil but were not significantly different from each other (12.4023.98 g/component). Total forest floor and mineral soil N recovery from fertilizer was
the same among fertilizer treatments but significantly different from the unfertilized
check ranging from 21.14-32.64 g/component. The 0-15 cm mineral soil was the largest
sink for fertilizer N in the forest floor and mineral soil components followed by mineral
soil 15-30cm then forest floor.
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4.3.3. N volatilization

A significantly higher rate of N volatilization occurred between days 0 – 15 than days 1530 for the soluble fertilizer treatments, MAP coated (p<.0001), NBPT (p<.0001), and
urea (p<.0001) but not the polymer coated treatment (p = 0.6570). The PC urea
treatment had significantly lower rates of N volatilization on day 15 and 30 compared to
the other fertilizer treatments (Table 4.6 and 4.7). Total N volatilization losses for each
fertilizer treatment are as follows: MC NBPT urea, 22.4 %; NBPT urea, 22.9 %; urea,
24.8 %; and PC urea 1.1 % (figure 4.2).

4.3.4. Fertilizer N recovery

Within each of the fertilized 4.5 m2 sampling plots a total of 67.5 g of fertilizer N was
applied. There was a significant difference among fertilizer treatments for total
component N recovery, p <.0001 (figure 4.3a). In MC NBPT urea, NBPT urea, and urea
treatments total N recovery in sampled ecosystem components was significantly greater
than in the polymer coated treatments: MC NBPT urea, 51.29 g N; NBPT urea, 48.87 g
N; urea, 45.09 g N; and PC urea, 31.30 g N. When combining % fertilizer N recovered
in ecosystem components and % N lost as NH3 nearly 100% of the applied fertilizer was
recovered in these three treatments compared to only 40% in the polymer coated
treatment (figure 4.4b). For all the fertilizer treatments the greatest amount of fertilizer N
was recovered in the 2011 foliage (5.44-11.93g or 8.1-14.6% applied N) and the 0-15 cm
mineral soil (12.40-23.98 g or 18.4-35.5% applied N).
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4.4. Discussion

Most of the fertilizer N was found in within two ecosystem components and one loss
mechanism; 1) the trees (predominately in the foliage), 2) the first 15 cm of the mineral
soil, and 3) lost through volatilization. Tree uptake ranged from 17.1% to 24.8% of N
from applied fertilizer, similar to other studies, which have found N recoveries between 8
and 28% after fertilization in loblolly pine, Douglas fir, and lodgepole pine stands (Mead
et al. 2008; Mead and Preston 1994; Preston et al. 1990; Johnson and Todd 1988; Baker
et al. 1986; Baker et al. 1974). Foliage makes up a small portion of whole tree dry mass
but has a large N demand due to its high N concentration. This would explain why all
fertilizer treatments had a higher fertilizer N recovery in the 2011 foliage than in any
other tree component. Melin et al. (1977) found similar results after fertilization of a
Scotts pine stand. Between 14.2 and 15.3% of the fertilizer N was found in the current
year foliage (Melin et al. 1977). Similarly this study found between 8.1 and 17.7% of
fertilizer N in the current year foliage, with more than half of the fertilizer N taken up by
the trees found in the foliage. Melin et al. (1977) and Mead and Pritchett (1975) also
found most of the N derived from fertilizer in the foliage of the trees.

29.0 %-45.9 % of the fertilizer N was recovered in the mineral soil. Various studies on
forest soils have found that on average 37% of recovered fertilizer N is found in soil,
within the range found in this study (Mead and Pritchett 1974; Baker et al. 1986;
Worsnop and Will 1980; Morrision and Foster 1977; Miller et al. 1976; Melin et al. 1983;
Nommik and Moller 1981; Heilman et al. 1963; and Raison et al 1990). Most of the
fertilizer N recovered in the mineral soil was found in the upper 15 cm, which
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corresponds to Mead and Pritchett (1975) who found more of the N derived from
fertilizer in the upper 10 cm of the mineral soil. This suggests there was little lateral
movement of N in the soil profile reducing the potential for leaching losses.

The PC urea had significantly less N volatilization than the soluble fertilizers. This could
be because the polymer coated urea had not released a large amount of N by day 30. Day
15-30 showed a higher N volatilization then day 0-15, possibly indicating an increased
but low release of N. This corresponds with the extractable NH4+ data in chapter 3 which
showed a delayed spiked in NH4+ availability at day 49. The N volatilization losses from
urea, MC NBPT urea, and NBPT urea are not without reason, other studies have found
volatilization losses around 20% (Kissel et al. 2004; Black et al. 1987).

For all fertilizer treatments except the PC urea over 90% of the fertilizer N was accounted
for in ecosystem components or the volatilization losses. This suggests that the major N
pools were accounted for in the study. Not all N pathways were accounted for, so the 100% fertilizer N that wasn’t recovered in the urea, MC NBPT urea and NBPT urea
treatments could have been leached or lost though denitrification. This agrees with
literature which finds that leaching and denitrification only account for a small proportion
of N loss in many upland well-drained forest soils (Davidson and Swank 1987; Jorgensen
et al. 1975). Studies have shown increased NO3- losses in forests after fertilization, but
unusually in N-rich sites (Matzner et al. 1983; Tschaplinski et al. 1991); sites that are N
limited show little loss though N leaching (Cole and Gessell 1965; Overrein 1969;
Heilman et al. 1982). Since this site was N deficient it is unlikely NO3- leaching was
significant. Denitrification occurs under anaerobic conditions would have been unlikely
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on this site because of the low precipitation levels throughout most of the study and
because the soil is well drained.

There were no significant differences in tree fertilizer N uptake or ecosystem recovery
between the urea, MC NBPT urea, and NBPT urea treatments. These three fertilizers are
all soluble fertilizers, which means with enough moisture the urea will be dissolved and
moved into the forest floor and mineral soil. A rain event of 4.1 cm occurred on day 9
after fertilization. Using a regression equation from Abrahamson et al. (1998) for
calculating through fall from rainfall events derived from a 7-10 year loblolly pine
plantation, about 3.7cm of rain would have made it to the forest floor. Cabrera et al.
(2005) found in a loblolly pine forest that over 20% of applied urea leached from the
forest floor after 4 cm or rain on day 8. Mugasha and Pluth (1995) found that NH3 losses
could be reduced to control levels after 4 cm of rain on day 9 in a forested peatland.
These studies suggest that 4 cm of rain is sufficient to dissolve urea and move into the
mineral soil. In addition to adequate levels of precipitation, soil moisture was above field
capacity at day 8 which would be needed to move dissolved urea into the mineral soil.
Based on this, the rain and moisture levels were sufficient to dissolve the urea in the urea
and NBPT urea treatments and dissolve the MC NBPT urea in the MC NBPT urea
treatment.

NBPT is a urease inhibitor and should slow the release of NH4+ into the soil. Gioacchini
et al. (2002) found NBPT treated urea significantly slowed the hydrolysis of urea with
87% urea hydrolysis compared to 71.3% NBPT treated urea hydrolysis by day 10.
Though MC NBPT urea has a coating potentially slowing the hydrolysis of urea, it
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showed a spike of NH4+ at day 14 along with the urea treatment. Cahill et al. (2010)
found MC NBPT urea fertilizer release rates to be the same as urea in cecil soils. NBPT
is designed to stabilize the urea so that it can be incorporated into the soil before being
hydrolyzed and MC Is designed to prevent the release of N until there are adequate levels
of moisture to dissolve the MC. Moisture levels were high enough shortly after
fertilization so all 3 fertilizers should preform similar to one another which was found by
similar fertilizer N tree uptake and ecosystem recoveries.

The PC urea showed significantly less N from fertilizer ecosystem retention than the
other fertilizers. PC urea had significantly less fertilizer N in the total tree but did not
have significantly different forest floor and mineral soil recovery than the other fertilizer
treatments. The PC urea treatment did, however, have significantly less N fertilizer loss
from N volatilization. Where is the missing fertilizer N? Extractable NH4+ data from
chapter 3 shows a smaller spike for the PC urea than the other fertilizer treatments. The
cumulative extractable NH4+ values observed for the fertilizer treatments were not
different, but that is likely due to large variability for the soluble fertilizers. The PC urea
used in this study had smaller fertilizer granule size than normal and an 80% release after
day 120 under lab conditions. Hasse et al. (2007) found that their controlled release
fertilizer treatments, with manufacture release times of 3-4 and 8-9 month, took much
longer to release nutrients with only 72% and 48% of fertilizer by mass released after 62
weeks. Hasse et al. (2007) attributed this to temperatures below 21°C and low soil
moisture. This study had lower than average cumulative precipitation, with only 12 cm
of rain, 75% less than average for the study period than normal. It would be possible that
some of the PC urea would still be in the forest floor, with the urea remaining within the
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pellets. Some PC urea pellets were found on the forest floor through the end of the study.
However the fertilizer N recovered in the forest floor was only slightly evaluated and not
significantly different from the other fertilizer treatments. One possibility is that the
small fertilizer pellets were lost during collection and transfer of forest floor material.
Very few pellets would be in one forest floor sample due to the application rate. Another
possibility is that the remaining urea inside the polymer coated volatilized while the
forest floor samples dried at 70 C for over two weeks. Water would have diffused
through the pellets by this point dissolving the urea, and the pellets would have contact
with urease through contact with the forest floor.

Rainfall was the largest factor contributing to the fertilizer N tree uptake in this study.
After year one all fertilizer treatments except polymer coated had similar fertilizer N
uptake efficiencies and ecosystem recovery. The differences between the PC fertilizer
and all other fertilizer treatments could be due to N loss from lab methods. Had sampling
continued through year two it is likely more PC urea would have been taken up the tree
increasing the fertilizer N tree recovery. The rain events were conducive to urea
movement into the mineral soil reducing ammonia volatilization in all soluble fertilizer
treatments. Had the weather conditions been more favorable for ammonia volatilization
it’s possible the MC NBPT urea and NBPT urea fertilizer treatments would have had
higher fertilizer N tree uptake than urea.
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4.6 Tables and figures

Table 4.1: Blocking assignments in present study based on the fertilizer treatments
applied at stand planning in the previous study (Kyle, 2004). This was done to prevent
treatment effects from previous study on this study’s treatments. Isobutylidenediurea
(IBDU) and methylene urea (MU) are N fertilizers used in Kyle (2004) inserted into the
planting hole at a rate of 17g and 5 g per tree respectively. Diammonium phosphate
(DAP) and triple super phosphate (TSP) and phosphorus fertilizers used in Kyle (2004)
broadcast at a rate of 224 and 101 kg ha-1 respectively.
Plot Block Treatments at planting (Kyle, 2004)

Treatments for present study

6

1

Two 17g IBDU fertilizer tablets

0.05 15N atom enriched NBPT urea

10

1

Two 17g IBDU fertilizer tablets

Check

18

1

Two 17g IBDU fertilizer tablets

0.05 15N atom enriched MC NBPT urea

22

1

Two 17g IBDU fertilizer tablets

0.05 15N atom enriched PC urea

25

1

Two 17g IBDU fertilizer tablets

0.05 15N atom enriched urea

4

2

Three 5g MU fertilizer tablets

0.05 15N atom enriched PC urea

9

2

Three 5g MU fertilizer tablets

Check

14

2

Three 5g MU fertilizer tablets

0.05 15N atom enriched urea

21

2

Three 5g MU fertilizer tablets

0.05 15N atom enriched NBPT urea

27

2

Three 5g MU fertilizer tablets

0.05 15N atom enriched MC NBPT urea

3

3

101 kg ha-1 TSP broadcast

0.05 15N atom enriched NBPT urea

11

3

101 kg ha-1 TSP broadcast

0.05 15N atom enriched PC urea

12

3

101 kg ha-1 TSP broadcast

Check

20

3

101 kg ha-1 TSP broadcast

0.05 15N atom enriched MC NBPT urea

23

3

101 kg ha-1 TSP broadcast

0.05 15N atom enriched urea

8

4

224 kg ha-1 DAP broadcast

0.05 15N atom enriched urea

13

4

224 kg ha-1 DAP broadcast

0.05 15N atom enriched MC NBPT urea

17

4

224 kg ha-1 DAP broadcast

0.05 15N atom enriched NBPT urea

28

4

224 kg ha-1 DAP broadcast

Check

29

4

-1

0.05 15N atom enriched PC urea

224 kg ha DAP broadcast
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Table 4.2: ANOVA probabilities block (blk) and treatment (trt) for pretreatment soil
physical properties of the soil at 0 to -15 cm, soil and at -15 to -30 cm.
pH
blk

Buffer pH
trt

blk

%C

trt

%N

C to N ratio

blk

trt

Blk

trt

blk

trt

Soil, 0 to -15

0.0937

0.2551 0.5339

0.9255

0.8455

0.2291

0.8957

0.3007

0.4640

0.7930

Soil, -15 to -30

0.7106

0.8210 0.2137

0.6908

0.9990

0.4763

0.9993

0.5747

0.9747

0.8858
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Table 4.3: ANOVA probabilities for pretreatment %N in forest floor and foliage. P
values at a 0.05 level.
Block

Treatment

Forest floor %N

0.1353

0.8648

Foliage %N

0.6666

0.5429
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Table 4.4: Average treatment values and treatment p values at a 0.05 level for tree
component biomass, percent N, Total N, δ15N, and percent recovery from fertilizer N.
2010
Foliage
Biomass
(t/ha)
Check
2.7 (0.6)
MC NBPT urea 2.8 (0.3)
PC urea
2.0 (0.4)
NPBT urea
2.8 (0.3)
Urea
3.5 (0.9)
P value
0.6659

2011
Foliage
(t/ha)
2.8 (0.8)
3.4 (0.6)
2.2 (0.4)
3.1 (0.4)
4.0 (0.7)
0.3179

Branch

Percent N
Check
MC NBPT urea
PC urea
NPBT urea
Urea
P value

1.19 B
1.40 A
1.19 B
1.30 AB
1.35 AB
0.0067*

Total N
Check
MC NBPT urea
PC urea
NPBT urea
Urea
P value
δ 15N
Check
MC NBPT urea
PC urea
NPBT urea
Urea
P value
g Nitrogen
Recovered
from fertilizer
N
Check
MC NBPT urea
PC urea
NPBT urea
Urea
P value

Coarse
Roots
(t/ha)
3.3 (0.6)
2.7 (0.3)
2.1 (0.3)
2.8 (0.1)
3.3 (0.6)
0.3030

Fine roots

Total tree

(t/ha)
11.6 (4.5)
6.3 (1.9)
5.3 (1.8)
7.8 (2.6)
7.2 (2.7)
0.6292

Bolewood
and Bark
(t/ha)
11.5 (1.9)
10.0 (0.5)
7.8 (0.9)
10.0 (1.1)
12.7 (2.3)
0.1435

(g/cm3)
0.4 (0.06)
0.5 (0.3)
0.2 (0.07)
0.3 (0.1)
0.6 (0.2)
0.4642

(t/ha)
32.1 (7.9)
25.7 (2.2)
19.6 (3.5)
26.8 (2.0)
31.3 (4.9)
0.3712

1.45
1.59
1.59
1.55
1.56
0.2189

0.30
0.21
0.19
0.23
0.20
0.2675

0.10
0.10
0.12
0.10
0.10
0.1439

0.10
0.10
0.12
0.10
0.12
0.1702

0.77
0.90
0.90
0.79
0.93
0.6276

Na
Na
Na
Na
Na
Na

(kg/ha)
32.2
39.6
23.6
37.0
47.9
0.4005

(kg/ha)
40.1
56.7
34.8
48.8
66.2
0.2818

(kg/ha)
34.8
13.6
10.6
18.5
14.7
0.5498

(kg/ha)
11.0
9.9
8.9
10.0
15.4
0.2334

(kg/ha)
3.1
2.7
2.4
2.8
4.0
0.2250

(g/cm3)
0.002
0.004
0.002
0.002
0.006
0.4199

(kg/ha)
121.2
122.5
70.3
117.1
148.2
0.3501

-2.2 C
35.4 AB
23.2 B
42.7 A
30.1 AB
0.0001*

-1.9 B
63.1 A
53.5 A
77.9 A
61.7 A
<.0001*

-2.9 B
27.1 A
19.8 AB
34.9 A
26.2 A
0.0042*

-4.2 B
21.5 A
20.5 A
22.3 A
21.2 A
<.0001*

-4.3 B
20.3 A
19.7 A
21.6 A
19.5 A
<.0001*

-1.4 B
55.9 A
83.3 A
64.2 A
54.6 A
0.0017*

Na
Na
Na
Na
Na
Na

(g/component)

(g/component)

(g/component)

(g/component)

(g/component)

(g/component)

(g/component)

-0.02 C
3.60 AB
1.62 BC
4.55 A
3.89 AB
0.0003*

0.00 C
9.47 AB
5.44 BC
9.89 AB
11.93 A
0.0005*

-0.29
1.15
0.48
1.85
1.33
0.0841

-0.08 B
3.14 AB
2.71 B
3.21 AB
5.11 A
0.0005*

-0.04 C
1.0 B
0.1 B
1.2 AB
1.5 A
<.0001*

-0.01
0.29
0.47
0.31
0.19
0.4926

-0.44 C
18.65 AB
10.73 BC
21.01 AB
23.95 A
0.0005*
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Table 4.5: Average treatment values and treatment p values and 0.05 level for forest
floor and mineral soil ecosystem components biomass, percent N, Total N, δ15N, and
percent recovery from fertilizer N.
Forest
floor

Min soil
(0-15cm)

Min soil
(15-30cm)

Biomass
Check
MC NBPT urea
PC urea
NPBT urea
Urea
P value

(t/ha)
2.6
2.8
2.7
2.8
2.2
0.7993

(t/ha)
1946.4
1865.7
1837.4
1930.7
1765.2
0.7373

(t/ha)
2076.2
2627.2
1820.9
1955.9
1973.9
0.4436

Na
Na
Na
Na
Na
Na

%N
Check
MC NBPT urea
PC urea
NPBT urea
Urea
P value

0.71
0.87
0.94
0.84
0.86
0.1880

0.09
0.11
0.10
0.10
0.10
0.7482

0.05
0.06
0.06
0.06
0.07
0.1858

Na
Na
Na
Na
Na
Na

Total N
Check
MC NBPT urea
PC urea
NPBT urea
Urea
P value

(kg/ha)
18.4
24.9
24.4
22.1
20.0
0.7993

(kg/ha)
1312.2
2178.6
1682.7
1857.4
1762.7
0.7007

(kg/ha)
1044.1
1482.7
1044.9
1122.1
1436.4
0.4249

2374.7
3686.2
2752.0
3001.6
3219.1
0.3850

δ 15N
Check
MC NBPT urea
PC urea
NPBT urea
Urea
P value

-2.5 C
62.8 B
115.8 A
62.5 B
65.3 B
<.0001*

3.5 B
15.1 A
9.4 AB
12.1 A
10.3 AB
0.0073*

5.8 B
10.2 AB
9.3 AB
11.3 A
8.8 AB
0.0309*

Na
Na
Na
Na
Na
Na

(g/component)

(g/component)

(g/component)

(g/component)

0.0 B
1.61 AB
3.85 A
1.39 AB
1.52 AB
0.0024*

-0.38 B
23.98 A
12.40 A
19.13A
16.63 A
0.0004*

-1.04 B
7.05 A
4.32 AB
7.34 A
2.99 AB
0.0198*

-1.42 B
32.64 A
20.57 A
27.86 A
21.14 A
0.0007*

g N recovered
from Fertilizer N
Check
MC NBPT urea
PC urea
NPBT urea
Urea
P value
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Total forest
floor and
mineral soil

Table 4.6: PROC mixed repeated measures ANOVA probabilities for N volatilization on
day 15. Values in bold italics are less than 0.05.

Check
Urea
MAP coated
Polymer coated
NBPT + urea

Check

Urea

Map coated

1.0
>.0001
>.0001
>.0001
>.0001

1.0
0.1961
>.0001
0.3340

1.0
>.0001
0.7326
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Polymer
coated

1.0
>.0001

NBPT + urea

1.0

Table 4.7: PROC mixed repeated measures ANOVA probabilities for N volatilization on
day 30. Values in bold italics are less than 0.05.

Check
Urea
MAP coated
Polymer coated
NBPT + urea

Check

Urea

Map coated

1.0
>.0001
>.0001
>.0001
>.0001

1.0
0.8595
0.0005
0.7310

1.0
0.0008
0.8673
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Polymer
coated

1.0
0.0012

NBPT + urea

1.0

Figure 4.1: Conceptual diagram of treatment plot and sample plot. Sample area
represents the growing space available to each tree which is based on planting spacing.
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Figure 4.2a: Cumulative percent NH4+ volatilization at day 15 and day 30. Letter
indicates significant racking at a level of 0.05.
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Figure 4.3a: g of N from fertilizer recovered in each plot. Recoveries are separate into
total tree components and forest floor and mineral soil components. Line at 67.5 g shows
the amount of fertilizer N added to each sample plot. Letters indicate significant ranking
at a level of 0.05.
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Figure 4.3b: g of N from fertilizer accounted for in each plot from plot components and
NH4+ volatilization loss. Line at 67.5 g shows the amount of fertilizer N added to each
sample plot. Letters indicate significant ranking at a level of 0.05.

112

Figure 4.4a: Percent from fertilizer recovered in each plot. Recoveries are separate into
total tree components and forest floor and mineral soil components. Letters indicate
significant ranking at a level of 0.05.
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Figure 4.4b: % N from fertilizer accounted for in each plot from plot components and
NH4+ volatilization loss. Letters indicate significant ranking at a level of 0.05.
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Chapter 5
Conclusions

The urea, MC coated, and NBPT urea fertilizer treatments had similar NH4+ release
patterns and ecosystem uptake, unlike the PC urea which had significantly different
release and uptake rates. Extracted N in the urea, MC coated, and NBPT urea peaked on
day 14, while the polymer coated treatment peaked at day 49 after fertilization. The
soluble fertilizer followed expected patters of release, with a peak shortly after the first
rain event. The polymer coated treatment, which requires increased moisture and
temperature conditions, released N more slowly.

After the first growing season, over 95% of the N derived from fertilizer for urea, MC
NBPT urea, and NBPT urea was accounted for in this study. This suggests the most
important N pool and loss mechanisms were accounted for in this study. Most of the
fertilizer N recovered was found in the 2011 foliage cohort and the top 15cm of the
mineral soil (5.4-11.9 g of fertilizer N and 12.4-23.98. of fertilizer N respectively).

Fertilizer N tree uptake and ecosystem recovery were similar for urea, MC NBPT urea,
and NBPT urea. This is because the climatic conditions were favorable for urea
fertilization decreasing the potential for losses and reducing the benefits for the enhanced
efficiency fertilizers. The PC urea released N at a slower rate than the soluble N
fertilizers, as expected, but did not increase tree N uptake. The polymer coated treatment
had lower fertilizer N ecosystem recovery which may be due to N loss during sample
preparation in the lab.
115

It’s possible that the benefits from enhanced efficiency fertilizer may not always be seen
after one growing season, like in the case of the PC urea fertilizer which did not release
all of the N by the end of the first growing season. This study also emphasizes the
importance of climate on fertilizer release and uptake efficiency. Enhanced efficiency
fertilizers may be better suited for sites with high likelihood of N loss or when weather
conditions do not favor urea application. Because of the increased cost of enhanced
efficiency fertilizers compared to urea, climatic conditions should be considered before
selecting a fertilizer. Sites that commonly get large rainfalls would be better suited for
urea whereas enhanced efficiency fertilizers might be better at sites with moderate
humidity and soil moisture but low precipitation.
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