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Abstract: This study was conducted to determine the efficacy of using enhanced efficiency fertilizer
(EEFs) products compared to urea to improve fertilizer nitrogen use efficiency (FNUE) in forest
plantations. All fertilizer treatments were labeled with 15N (0.5 atom percent) and applied to 100 m2

circular plots at 12 loblolly pine stands (Pinus taeda L.) across the southeastern United States. Total
fertilizer N recovery for fertilizer treatments was determined by sampling all primary ecosystem
components and using a mass balance calculation. Significantly more fertilizer N was recovered for
all EEFs compared to urea, but there were generally no differences among EEFs. The total fertilizer N
ecosystem recovery ranged from 81.9% to 84.2% for EEFs compared to 65.2% for urea. The largest
amount of fertilizer N recovered for all treatments was in the loblolly pine trees (EEFs: 38.5%–49.9%,
urea: 34.8%) and soil (EEFs: 30.6%–38.8%, urea: 28.4%). This research indicates that a greater
ecosystem fertilizer N recovery for EEFs compared to urea in southeastern pine plantations can
potentially lead to increased FNUE in these systems.
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1. Introduction

Loblolly pine (Pinus taeda L.) is the most widely planted and commercially valuable tree species
in the United States [1,2], with large areas in the southeastern United States managed intensively in
plantations. Although loblolly pine stemwood can exceed 10 m3·ha−1·year−1 in intensively managed
plantations [3], growth of many stands is less due to low levels of plant available nitrogen (N) and
phosphorous (P) in the soil [4,5]. Nitrogen deficiencies that occur when plant available N in the
soil is inadequate to meet tree N demand [6–8] translate to low leaf areas, decreased photosynthetic
capacity, and hence reduced growth [9,10]. Temporal patterns in N availability often lead to N
deficiencies developing during later parts of the rotation [3,11,12]. Following disturbance, such as
harvesting, plant N availability in the soil is high due to N mineralization of organic matter [13,14].
Yet, as the stand develops, plant N availability decreases because of increasing N immobilization in
the ecosystem [15], and N fertilization is often required to maintain forest productivity in mid-rotation
stands [6]. The average growth response in mid-rotation southeastern pine plantations averages
3 m3·ha−1·year−1 over the 8 years following fertilization [3].
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However, less than 30% of N applied in fertilizer is taken up by trees [16–20]. The low fertilizer
N uptake by trees is likely due to several factors including: (1) N loss from the system; (2) N
immobilization; and (3) N application that is asynchronous to seasonal plant N demand [21–26]. Forest
soils supporting pine plantations in the southeastern United States contain large natural quantities of
N, typically ranging from 2 to 7 Mg·ha−1 [27–29]. Because of the large amount of N in forest soils, it is
difficult to follow the fate, cycling and uptake of fertilizer N which typically adds only 150–250 kg·ha−1

of N to the system [28–30].
Fertilizers labeled with 15N can be used to trace the fate of fertilizer N through the ecosystem over

time [31–34]. Studies using 15N have improved the understanding of applied N cycling in ecosystems
since the 1950s in both agriculture [35] and forested [36] systems. Recent research in forested ecosystems
using 15N tracer techniques have focused on understanding N cycling in natural systems [37–39] or
the effects of chronic N deposition from industrialization [40,41]. Fertilizers labeled with 15N have also
been used to determine fertilizer N uptake and nitrogen use efficiency (FNUE) [21,22,36,42–44].

Urea (46-0-0) is the most commonly used N fertilizer in southern forestry due to its high N content
and low cost per unit of applied N [4,5]. However, large N losses following urea fertilization can
occur due to ammonia (NH3) volatilization depending on the interactions of weather and edaphic
factors [45–50]. Volatilization, combined with leaching and denitrification, reduce the amount of
fertilizer N remaining in the system, and may decrease fertilizer N availability for plant uptake and
hence FNUE [51–54].

Enhanced efficiency N fertilizers (EEFs) were developed to reduce N loss and increase N
availability [55–65]. The EEFs can be divided into slow release (SRN), controlled release (CRN) and
stabilized (SNF) N fertilizers [55–63]. The SRN products slowly release fertilizer N due to microbial
decomposition [56]. The CRN products have coatings around the fertilizer N to alter rate, pattern and
duration of fertilizer N release [56,57]. The SNF products have compounds to inhibit rapid fertilizer
N transformations to less stable forms [61]. The different attributes of the various N containing EEF
products increases the flexibility of N fertilization under diverse conditions to optimize plant N uptake
and increase FNUE when compared to urea.

Our overall objective was to determine ecosystem uptake of fertilizer N and determine if N uptake
was greater for EEFs compared to urea. In this study, we compared fertilizer N uptake in southeastern
pine ecosystems following fertilization with urea and three enhanced efficiency fertilizers after a spring
application to determine if there were differences among treatments for: (1) total ecosystem fertilizer
N recovery; and (2) ecosystem partitioning of fertilizer N.

2. Materials and Methods

2.1. Experimental Design

This study was established as a complete-block design with five fertilizer treatments. Twelve sites
were chosen from a network of existing fertilizer and thinning trials, and each site served as a block.
At each site, five 100 m2 circular plots were installed prior to fertilization, and each site was fertilized
with a single fertilizer treatment on the same day between 26 March and 8 April 2012.

2.2. Site Description

All sites were considered mid-rotation, with stand ages ranging from 8 to 15 years (Figure 1).
The understory of the sites ranged from no understory to encompassing 25% of the plot. Selected
climate, physical and stand characteristics are detailed in Table 1.
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Table 1. Selected climate, physical and stand characteristics of pine stands in the southeastern United States selected to evaluate ecosystem partitioning of fertilizer N
following application of urea or enhanced efficiency N fertilizers enriched with 15N. MAP = Mean annual precipitation. MAT = Mean annual temperature.

State Latitude Longitude Alt
(m)

MAP
(cm)

MAT
(◦C)

Physiographic
Region Soil Taxonomic Class Drainage

Class
Trees

plot−1
Trees
ha−1

Ht
(m)

DBH
(cm)

VA 37.445331 78.662917 60 109 13 Piedmont fine, mixed, subactive, mesic
Typic Hapludults Well 8 880 9.1 15.1

SC 34.450000 80.505383 29 107 16 Sandhills thermic coated Typic
Quartzipsamments Excessively 15 1560 12.5 16.1

GA1 33.625317 82.801183 35 118 16 Piedmont fine kaolinitic thermic
Rhodic Kandiudults Well 19 1800 7.2 8.6

GA2 31.339978 81.857283 1 114 18 Atlantic Coastal
Plain

sandy siliceous thermic
Aeric Alaquods Poorly 15 1460 14.7 16.5

GA3 31.299333 81.847217 1 114 18 Atlantic Coastal
Plain

loamy, siliceous, subactive, thermic
Arenic Paleaquults

Somewhat
Poorly 13 1340 13.6 15.1

FL 30.205267 83.866817 0.6 142 20 Eastern Gulf
Coastal Plain

loamy siliceous superactive thermic
Aquic Arenic Hapludalfs

Somewhat
Poorly 16 1580 10.2 13.4

MS 31.066717 89.602467 26 152 19 Western Gulf
Coastal Plain

coarse loamy siliceous subactive
thermic Typic Paleudults Well 21 2160 12.5 13.8

LA1 31.337017 93.182783 28 147 19 Western Gulf
Coastal Plain

fine smectitic thermic
Albaquic Hapludalfs

Moderately
Well 7 720 14.9 19.3

LA2 31.013333 93.422600 28 147 19 Western Gulf
Coastal Plain

fine loamy siliceous subactive thermic
Plinthic Paleudults Well 6 780 14.8 17.5

LA3 30.560533 90.727650 0.9 160 19 Western Gulf
Coastal Plain

fine silty mixed active thermic
Typic Glossaqualfs Poorly 23 2380 12.0 13.3

OK 34.029333 94.825017 42 136 16 Western Gulf
Coastal Plain

fine silty mixed active thermic
Aquic Paleudalfs

Moderately
well 15 1580 3.0 4.0

TX 31.13255 94.462533 32 127 20 Western Gulf
Coastal Plain

fine loamy siliceous semiacitve
thermic Oxyaquic Glossudalfs

Moderately
well 13 1360 13.9 11.2
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Figure 1. Location map of 12 mid-rotation pine stands across the southeastern United States selected to
evaluate ecosystem partitioning of fertilizer N following the application of urea or enhanced efficiency
N fertilizers enriched with 15N.

2.3. Fertilizer Treatments

The five fertilizer treatments used in this study were: (1) urea; (2) urea impregnated with
N-(n-Butyl) thiophosphoric triamide (NBPT); (3) urea impregnated with NBPT and coated with
monoammonium phosphate (CUF); (4) polymer coated urea (PCU); and (5) a control treatment with
no fertilizer added. Urea (46-0-0) was used because it is the most common N fertilizer applied in
the southeastern United States. The enhanced efficiency fertilizers (EEFs) tested in this study were
developed to reduce NH3 volatilization and release fertilizer N slowly to the environment. The NBPT
treatment (46-0-0) added N-(n-butyl) thiophosphoric triamide at a rate of 26.7% by weight to urea
granules to inhibit urease activity. The CUF treatment (39-9-0) also added NBPT to urea granules,
which was then coated with an aqueous binder solution of boron and copper sulfate to slow N release.
A final coating of monoammonium phosphate was added to provide P. The PCU (44-0-0) treatment
encapsulated urea granules with a polymer coating containing pores designed to slowly release N
(~80%) over 120 days. All N treatments were applied at an equivalent rate of 224 kg·N·ha−1. Because
the CUF treatment had P in a coating, P was applied in the other fertilizer treatments at the equivalent
rate of 28 kg·P·ha−1 as triple superphosphate (TSP). The urea in all treatments was enriched with
the stable isotope 15N (0.5 atom percent). Each fertilizer treatment was broadcast applied by hand
in individual 100 m2 circular plots at each site. Due to high rates of volatilization and the impact
this process has on isotopic fractionation, a fractionation factor of 1.029 was used for each fertilizer
treatment as detailed in Högberg [66].

2.4. Field Sampling

The center of each of the 100 m2 circular plots was located between two co-dominant loblolly
pine trees in areas with similar stand, soil and landscape characteristics. Immediately prior to each
treatment application, the height and diameter breast height (DBH) of all trees greater than 2.54 cm
DBH were measured. The sapling, shrub, vine and herbaceous strata were estimated and individual
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species in each respective strata was composite sampled. The forest floor (O horizon = Oi + Oe + Oa)
was collected with a circular sampler from 4 random locations in the plot and composited. Two mineral
soil depth increments (0–15 cm, 15–30 cm) were randomly sampled from 8 locations in the plot with a
push tube sampler and composited. Roots were sampled to a depth of 20 cm at 4 random locations in
the plot with a bulk density corer and composited. Soil bulk density cores were taken from the 0–15 cm
and 15–30 cm depth increments from the center of each plot. After this sampling was completed, two
1 m2 circular mesh litterfall traps were placed randomly in the plot to sample litterfall from the year
after N fertilization.

Fertilizer treatments were randomly applied to the 100 m2 circular plots (March 26 to April 8).
All primary ecosystem components in each plot were resampled at the end of the growing season
following fertilization between November 1st and March 31st using similar sampling procedures
previously detailed. Litterfall was collected once from the two litterfall traps at the end of the growing
season and composited for each individual plot. One of the two central crop trees was selected and
felled for sampling. All components of the crop tree sampled were weighed in the field on the same
day the tree was felled to obtain field green weights, and subsamples were brought to the laboratory
to obtain dry weights. In the field, a 2.54 cm cookie was taken from the tree stem at DBH, height to live
crown (HLC), and height to mid crown (HMC). The tree stem was cut into 1.2 m lengths for weighing.
The canopy (foliage, fine branches, coarse branches) was randomly placed in 3 piles in the field and
each pile was weighed. The foliage, fine branches (branches with foliage attached) and coarse branches
(branches with no foliage attached) were separated and also weighed in the field. One of the three
canopy piles was randomly selected and returned to the laboratory for analysis. The sapling stratum,
if present, was sampled by 2.54 cm diameter classes for individual species categories. Shrubs, vines
and herbaceous species were sampled from a randomly selected 3.13 m2 area of the plot. Individual
shrub species were sampled in their entirety, with vines and herbaceous species composite sampled in
their respective strata.

2.5. Laboratory Procedures

All samples were dried in a forced air oven at 60 ◦C. In the laboratory, subsamples of bark, wood
from the current year of growth (CGR), and the wood of growth rings prior to fertilizer treatment
(PGR) were taken from the stem cookies collected at DBH. Litterfall was separated into pine needles,
deciduous leaves, fine branches, coarse branches, bark and unidentifiable litterfall. The forest floor
was sieved through a 6 mm sieve and the mineral soil was sieved through a 2 mm sieve. Root samples
were elutriated and divided into fine (<2 mm) and coarse (>2 mm) size fractions, dried and weighed.

After drying, all organic material samples were coarse ground in a Wiley Mill to pass a 2 mm
sieve. The organic samples were then homogenized to a fine powder with a ball mill (Retsch® Mixer
Mill MM 200, Haan, Germany) for 1 min at 25 revolutions per second (rps), whereas all mineral soil
samples were ball milled for 2 min at 25 rps. After ball milling, individual homogenized samples were
put in separate tin capsules and weighed on a Mettler-Toledo© MX5 microbalance (Mettler-Toledo, Inc.,
Columbus, OH, USA). These individually weighed samples were analyzed to determine the 15N/14N
isotope ratio and total N on a coupled elemental analysis-isotope ratio mass spectrometer (IsoPrime
100 EA-IRMS, Isoprime© Ltd., Manchester, UK) at the Forest Soils and Plant Nutrition Laboratory
at Virginia Polytechnic Institute and State University (Virginia Tech). All grinding, ball milling and
weighing equipment were cleaned after each sample with ethanol to reduce contamination.

2.6. Calculation of Fertilizer N Recovery

The amount of total fertilizer N recovered in each ecosystem component from the labeled
15N fertilizer was calculated using a mass balance tracer technique that compared individual ecosystem
component 15N prior to and 1 year after N fertilization [32,67,68]. Once the fertilizer N recovery for
each individual ecosystem component was determined, the fertilizer N recovery for each individual
component was summed on a per plot basis to calculate total fertilizer N recovery for the entire plot.
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The fertilizer N recovery value for the individual loblolly pine sampled in each plot was multiplied
by the number of loblolly pine trees in each individual plot to obtain the total fertilizer N recovery
for loblolly pine trees on an individual plot basis. The difference between the amount of fertilizer
N applied to the plot and the amount of fertilizer N recovered after a single growing season was
considered lost from the system.

2.7. Statistical Analysis

Total fertilizer N recovery, expressed as a percentage of fertilizer N applied, was analyzed using a
general linear model (GLM) analysis of variance with SAS® 9.4 (SAS Institute Inc., Cary, NC, USA).
Percent data was arcsin transformed prior to analysis. Percent fertilizer N recovery (%) was the
response variable for the model, fertilizer treatment (CUF, NBPT, PCU, urea, control) was the fixed
effects, and site was a random effect. Total fertilizer N recovery, expressed as a percentage of fertilizer
N applied, for individual ecosystem components were also analyzed using a GLM analysis of variance,
except for analysis of individual mineral soil depth increments (0–15 cm, 15–30 cm) which were
analyzed as a repeated measures analysis of variance. Significance levels were set at α = 0.05 and
the p > |t| values for the treatment means were tested. All post-hoc analysis was conducted with
Tukey’s HSD.

3. Results

Fertilization increased nitrogen concentrations (g·kg−1) in several of the ecosystem components.
Foliar N mean (± SEM) concentrations increased from 12.5 ± 0.4 g·kg−1 in the control to between
13.2 ± 0.5 g·kg−1 and 14.2 ± 0.5 g·kg−1 for fertilizer treatments, with a significant difference between
the control and urea (14.2 ± 0.5 g·kg−1) (Table 2). The fine branch N concentrations increased from
the control (5.1 ± 0.3 g·kg−1) to CUF (7.3 ± 0.6 g·kg−1) and NBPT (6.7 ± 0.3 g·kg−1), while the coarse
branch N concentration increased between the control (2.8 ± 0.2 g·kg−1) to urea (3.9 ± 0.4 g·kg−1).
For the stem, the N concentration of the bark increased between the control (2.1 ± 0.2 g·kg−1) and
NBPT (2.9 ± 0.1 g·kg−1), while the N concentration for the growth ring for the year after fertilization
(CGR) increased from 1.8 ± 0.1 g·kg−1 for the control to between 2.3 ± 0.1 g·kg−1 and 2.7 ± 0.1 g·kg−1

for all fertilizer treatments. There were also minor effects of N fertilization on N concentration for fine
or coarse roots, litterfall and the mineral soil. The forest floor N concentration was greater for both
CUF (8.1 ± 0.6 g·kg−1) and PCU (8.7 ± 0.6 g·kg−1) compared to the control (6.6 ± 0.6 g·kg−1).

Table 2. The mean fertilizer N recovery (% of applied fertilizer N), δ15N (‰), and N concentration
(g·kg−1) for individual ecosystem components of pine stands in the southeastern United States selected
to evaluate ecosystem partitioning of fertilizer N for urea or enhanced efficiency N containing fertilizers
enriched with 15N.

Ecosystem
Component Treatment Fertilizer N Recovery

(% of Applied N) δ15N values (‰)
N Concentration

(g·kg−1)

Foliage

Control 0.0 a −2.4 (0.5) a 12.5 (0.4) a
CUF 10.7 (1.1) bc 118.3 (11.2) b 14.1 (0.8) ab

NBPT 14.8 (1.8) c 126.1 (8.5) b 13.9 (0.6) ab
PCU 8.1 (1.1) b 101.6 (9.8) b 13.2 (0.5) ab
Urea 11.0 (1.7) bc 124.5 (11.2) b 14.2 (0.5) b

Fine Branches

Control 0.0 a −2.0 (0.6) a 5.1 (0.3) a
CUF 3.2 (0.4) b 110.2 (10.2) b 7.3 (0.6) b

NBPT 4.1 (0.5) c 111.8 (7.4) b 6.7 (0.3) b
PCU 2.6 (0.5) b 98.7 (10.5) b 6.1 (0.5) ab
Urea 2.9 (0.5) b 108.4 (9.67) b 6.2 (0.4) ab
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Table 2. Cont.

Ecosystem
Component Treatment Fertilizer N Recovery

(% of Applied N) δ15N values (‰)
N Concentration

(g·kg−1)

Coarse Branches

Control 0.0 a −1.8 (0.4) a 2.8 (0.2) a
CUF 2.9 (0.4) bc 72.6 (9.3) b 3.7 (0.3) ab

NBPT 3.0 (0.6) c 78.9 (8.2) b 3.6 (0.4) ab
PCU 2.6 (0.4) b 73.7 (8.6) b 3.3 (0.3) ab
Urea 3.2 (1.0) bc 69.3 (6.1) b 3.9 (0.4) b

Bark

Control 0.0 a −2.1 (0.4) a 2.1 (0.2) a
CUF 0.6 (0.2) b 22.1 (2.1) b 2.5 (0.2) ab

NBPT 0.8 (0.2) b 22.5 (2.1) b 2.9 (0.1) b
PCU 0.5 (0.1) b 20.5 (2.4) b 2.4 (0.1) a
Urea 0.4 (0.1) ab 20.8 (2.1) b 2.5 (0.2) ab

Current year
Growth Ring

(CGR)- year of
fertilization

Control 0.0 a −1.9 (0.4) a 1.8 (0.1) a
CUF 2.2 (0.4) bc 80.0 (8.0) b 2.4 (0.5) bc

NBPT 3.1 (0.6) c 88.1 (5.8) b 2.7 (0.1) c
PCU 1.7 (0.3) b 71.9 (7.6) b 2.3 (0.1) b
Urea 1.9 (0.3) b 78.9 (7.5) b 2.3 (0.1) b

Previous year
growth rings

(PGR)—growth
prior to fertilization

Control 0.0 a −1.9 (0.4) a 1.4 (0.1) a
CUF 4.4 (0.8) bc 40.2 (3.9) b 1.6 (0.1) a

NBPT 5.1 (0.7) c 40.3 (1.3) b 1.6 (0.1) a
PCU 3.7 (0.4) bc 37.1 (3.9) b 1.6 (0.1) a
Urea 2.9 (0.5) b 34.8 (5.0) b 1.4 (0.1) a

Fine roots (<2 mm)

Control 0.0 a −0.3 (0.9) a 9.4 (0.9) a
CUF 19.2 (1.8) c 36.1 (3.1) b 10.5 (0.6) a

NBPT 16.2 (1.5) c 33.2 (3.8) b 10.4 (0.4) a
PCU 16.4 (1.8) c 36.0 (3.5) b 10.3 (0.5) a
Urea 10.8 (1.4) b 31.2 (5.1) b 9.7 (0.5) a

Coarse roots
(>2 mm)

Control 0.0 a −0.1 (0.37) a 6.0 (0.6) a
CUF 3.8 (1.4) b 18.3 (1.6) b 6.2 (0.5) a

NBPT 2.7 (0.6) ab 19.0 (3.2) b 6.3 (0.5) a
PCU 2.9 (0.9) b 15.4 (2.2) b 6.0 (0.5) a
Urea 1.7 (0.5) ab 13.9 (3.1) b 6.0 (0.5) a

Litterfall

Control 0.0 a −3.0 (1.2) a 7.4 (0.3) a
CUF 1.6 (0.3) b 48.5 (1.4) b 8.0 (0.3) a

NBPT 1.4 (0.2) b 55.8 (2.1) b 8.3 (0.4) a
PCU 1.8 (0.3) b 55.6 (1.6) b 8.1 (0.3) a
Urea 1.7 (0.2) b 55.1 (1.4) b 8.2 (0.2) a

Forest Floor
(Organic horizon:

Oi + Oe + Oa)

Control 0.0 a −1.9 (0.4) a 6.6 (0.6) a
CUF 3.0 (1.4) a 62.9 (6.8) b 8.1 (0.6) b

NBPT 2.8 (1.3) a 59.3 (5.8) b 8.0 (0.6) ab
PCU 3.8 (0.9) b 91.1 (9.9) c 8.7 (0.6) b
Urea 1.2 (0.4) a 55.2 (6.3) b 8.0 (0.7) ab

0–15 cm
Mineral Soil

Control 0.0 a 3.3 (0.7) a 0.8 (0.1) a
CUF 23.1 (3.6) b 21.8 (3.6) b 0.6 (0.1) b

NBPT 22.4 (2.7) b 22.3 (3.5) b 0.6 (0.1) ab
PCU 24.2 (5.1) b 21.0 (4.1) b 0.7 (0.1) ab
Urea 15.9 (2.6) b 15.9 (2.1) b 0.6 (0.1) ab

15–30 cm
Mineral Soil

Control 0.0 a 5.4 (0.4) a 0.4 (0.1) a
CUF 6.7 (1.1) a 13.2 (1.5) b 0.4 (0.0) a

NBPT 5.4 (0.9) a 11.7 (1.0) b 0.4 (0.1) a
PCU 10.7 (3.4) b 16.3 (3.0) b 0.4 (0.0) a
Urea 11.3 (3.1) b 15.2 (2.4) b 0.4 (0.1) a

Different letters represent significant differences at α = 0.05. Numbers in parentheses represent the standard
error of the mean (n = 12).
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The mean (±SEM) δ15N (‰) values at the end of the first growing season after treatment
application for all tree and soil ecosystem components were greater for fertilizer treatments compared
to the control (Table 2). The mean δ15N values of loblolly pine trees for fertilizer treatments was greatest
in the foliage (101.6‰ ± 9.8‰ to 126.1‰ ± 8.5‰), fine branches (98.7‰ ± 10.5‰ to 111.8‰ ± 7.4‰),
and CGR (71.9 ± 7.6‰ to 88.1 ± 5.8‰). The δ15N values in litterfall (48.5‰ ± 1.4‰ to 55.8‰ ± 2.1‰)
for the year immediately following fertilization of all fertilized treatments was lower than the foliage
mean δ15N values. The lowest δ15N values for the loblolly pine components for fertilized treatments
were in the coarse roots (13.9‰ ± 3.1‰ to 19.0‰ ± 3.2‰), bark (20.5‰ ± 2.4‰ to 22.5‰ ± 2.1‰),
fine roots (31.2‰ ± 5.1‰ to 36.1‰ ± 3.1‰) and stemwood produced in the years prior to fertilization
(PGR) (34.8‰ ± 5.0‰ to 40.3 ± 1.3‰). The δ15N value of the soil for the fertilized treatments was
greatest in the forest floor (55.2‰ ± 6.3‰ to 91.1‰ ± 9.9‰), with PCU significantly greater than other
fertilizer treatments. The surface 0–15 cm mineral soil ranged from 15.9‰ ± 2.1‰ to 22.3‰ ± 3.5‰
for fertilizer treatments, while the 15–30 cm mineral soil depth increment ranged from 11.7‰ ± 1.0‰
to 16.3‰ ± 3.0‰.

There were several significant differences in the mean (±SEM) fertilizer N recovery for individual
ecosystem components (Figure 2, Table 2). The fertilizer N recovered in the loblolly pine trees
was greatest in the foliage ranging from 8.1% ± 1.1% to 14.8% ± 1.8% of the N applied. More
fertilizer N was recovered in the foliage for NBPT (14.8% ± 1.8%) compared to PCU (8.1% ± 1.1%).
More fertilizer N was also recovered for NBPT (4.1% ± 0.5%) than the other fertilizer treatments
(2.6% ± 0.5% to 3.2% ± 0.4%) for fine branches, and coarse branches for NBPT (3.0% ± 0.6%)
compared to PCU (2.6% ± 0.5%). Fertilizer N recovery was greater for NBPT (3.1% ± 0.6%) for
CGR than PCU (1.7% ± 0.3%) and urea (1.9 ± 0.3%), and the PGR for NBPT (5.1% ± 0.7%) compared
to urea (2.9% ± 0.5%). For belowground loblolly pine biomass, more fertilizer N was recovered
for EEFs (16.2% ± 1.5% to 19.2% ± 1.8%) compared to urea (10.8% ± 1.4%) in fine roots. In the
soil, there was greater fertilizer N recovery for PCU (3.8% ± 0.9%) compared to the other fertilizer
treatments (1.2% ± 0.4% to 3.0% ± 1.4%) in the forest floor, and for both PCU (10.7% ± 3.4%) and urea
(11.3% ± 3.1%) compared to CUF (6.7% ± 1.1%) and NBPT (5.4% ± 0.9%) in the 15–30 cm mineral soil.
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Differences between fertilizer treatments also occurred when individual ecosystem components
were combined into primary components (tree, soil) (Figure 2). For the loblolly pine canopy (foliage,
fine branches, coarse branches), fertilizer N recovery for NBPT (22.0%) was greater than PCU
(13.3%). For the stem (bark, CGR, PGR), NBPT (9.1%) was greater than both PCU (5.9%) and urea
(5.2%). When all aboveground biomass components are combined (canopy, stem), NBPT (31.0%)
was greater than both PCU (19.2%) and urea (22.3%). For belowground biomass (total roots), all
EEFs (CUF = 23.0%, NBPT = 18.9%, PCU = 19.3%) were greater than urea (12.5%). When all pine
components were combined (canopy, stem, roots), both CUF (46.9%) and NBPT (49.9%) had a greater
fertilizer N recovery compared to PCU (38.5%) and urea (34.8%). For the entire soil (forest floor,
0–30 cm mineral soil), the percentage of recovery was similar for EEFs (30.6% to 38.8%) and urea
(28.4%). When all ecosystem components were combined to determine the total ecosystem recovery
of fertilizer N, all the EEFs (CUF = 81.9%, NBPT = 84.2%, PCU = 79.8%) had a greater recovery total
fertilizer N recovery compared to urea (65.2%).

4. Discussion

This study evaluated differences in the ecosystem retention and crop tree uptake of applied
fertilizer N between urea and three enhanced efficiency fertilizers in mid-rotation pine plantations of
the southeastern United States. The sites in this study covered the entire southeastern United States
region where loblolly pine is planted to improve the understanding of the ultimate fate of fertilizer N
in these systems to augment the results of numerous site specific studies. The primary hypotheses
tested in this study were: (1) whether there were differences in the total fertilizer N recovery among
conventional and enhanced efficiency fertilizers; and (2) if there were differences in the ecosystem
partitioning of fertilizer N among conventional and enhanced efficiency N fertilizers. The overall
primary objective was to improve fertilizer N use efficiency in southeastern pine plantations to increase
the productivity and efficiency of these systems in a sustainable, environmentally responsible approach.

There were significant differences in the total ecosystem fertilizer N recovery among individual
fertilizer treatments (CUF, NBPT, PCU, urea). The total ecosystem fertilizer N recovery was greater for
all enhanced efficiency fertilizers (CUF, NBPT, PCU) compared to urea, with no differences between
individual EEFs. The primary reason for lower fertilizer N recovery for urea compared to EEFs was
likely due to initially large ammonia (NH3) volatilization losses from the urea treatment compared
to the EEFs immediately following fertilization. Raymond et al. [49] compared NH3 volatilization
losses of the same fertilizer treatments used in this study and found higher losses with urea (26%–49%)
compared to all EEFs (4%–26%). Other studies in pine plantations in the southeastern United States
have also shown fertilizer N losses through the NH3 volatilization pathway after urea fertilization
exceeding 25%, with lower losses using various EEF products [47,48,64–66,69,70]. Interestingly, when
the results for NH3 volatilization reported by Raymond et al. [49] 15 days following fertilization for
the same fertilizer treatments used in this study are included in the treatments in respect to mass
balance accounting of ecosystem fertilizer N recovery on a per plot basis, total ecosystem recovery of
fertilizer N for each treatment exceeds 90%. This evidence indicates that greater fertilizer N loss via
NH3 volatilization immediately following fertilization, combined with other minor initial fertilizer
N loss pathways (denitrification, leaching) for urea compared to EEFs, translates to less fertilizer N
remaining in the ecosystem for urea. Although the results from this study are similar to those of other
tracer studies in a variety of ecosystems [39,40,71,72], results from this study indicated a generally
higher fertilizer N uptake by trees for the EEFs.

Results from numerous studies specific to loblolly pine plantations and fertilizer N show generally
lower fertilizer N uptake (<30%) by loblolly pine trees [21–25]. Several potential explanations for this
low fertilizer N uptake by loblolly pine plantations exist. First, many studies in loblolly plantations
have used urea as the fertilizer N source. Because high fertilizer N losses can occur immediately
following fertilization with urea [46–49], less fertilizer N remains in the ecosystem and hence less
fertilizer N is available for plant uptake. As previously stated, this explanation partially explains the



Forests 2016, 7, 270 10 of 15

results for the fertilizer N recovery in the loblolly pine trees in this study (35%) which is near the
upper end reported in the literature. The fertilizer N recovery for the EEF treatments used in this
study had higher fertilizer N recovery for the entire tree compared to urea, ranging from 39% to 50%.
Clearly, the lower amount of fertilizer N remaining in the system when urea is used as a fertilizer
source affects the quantity, and hence intensity, of fertilizer N in the soil over the growing season that
becomes available for uptake by the desired crop trees. Second, the application of fertilizer N for this
study in the spring (March-April) may have been more synchronous to the seasonal growth patterns of
desired crop trees and could explain higher recovery rates of fertilizer N for all treatments found in this
study. For example, results from Blazier et al. [25] had higher fertilizer N recovery after a spring and
summer fertilization compared to a winter application, when operational N fertilization is traditionally
conducted in southeastern pine plantations in an effort to minimize high NH3 volatilization losses.
Although losses were high for urea compared to the EEFs, recovery for the entire tree for fertilizer
N was greater compared to most fertilizer studies. This result may indicate that although losses can
be high in the spring, conditions for N demand and uptake by the crop tree for a readily available N
source may still be high. Low fertilizer N uptake by trees after fertilization during the dormant season
(winter) in the south may cause other loss pathways, such as denitrification [51] and leaching [53] to
become more important than NH3 volatilization and also contribute to lower fertilizer N recovery in
studies. Third, many studies only account for N uptake in the foliage. Although foliage in loblolly
pine trees has a high amount of N in the tree, other portions of the tree also contain N. If only N in the
foliage is measured, N uptake may be underestimated.

There were also significant differences in ecosystem partitioning of fertilizer N among treatments.
Analysis of the percent of fertilizer N recovered in individual ecosystem components (foliage, fine
branches, soil, etc.) showed numerous differences among fertilizer treatments. Despite differences
among fertilizer treatments in the percentage of fertilizer N recovered in different ecosystem
components, most fertilizer N for all treatments was recovered in either the loblolly pine trees or soil.
There was a difference for the fertilizer N recovered in the entire tree between NBPT and CUF and
urea and PCU, yet no significant differences occurred in the soil. Although there were no significant
differences in the percentage of fertilizer N in the soil, there was 10% more fertilizer N recovered (NS)
for PCU compared to urea. This difference may have important implications for the long term fate and
cycling of fertilizer N for PCU, which provides a more gradual constant release compared to the other
fertilizers. Additionally, significantly higher amounts of fertilizer N were found in the fine roots of all
EEFs compared to urea. This additional amount of fertilizer N was likely the result of a higher amount
of fertilizer N in the soil and potentially greater root uptake for EEFs compared to urea.

Although results from this research showed a greater ecosystem recovery for each EEF compared
to urea, several primary questions remain concerning the long-term fate of each of these fertilizer
treatments. For example, significantly more fertilizer N was recovered in the forest floor for PCU than
other treatments. Additionally, although not significant, there was a high proportion of fertilizer N
recovered for all EEFs in the 0–15 cm mineral soil compared to urea. A shift in the ecosystem recovery
of fertilizer N compared to urea in the ecosystem raises the question of whether additional gains in
fertilizer nitrogen use efficiency for the system for EEFs will increase if it becomes bioavailable in the
future of the stand or becomes immobilized in the system for the stand rotation.

Results from agroecosystems have shown that the majority of fertilizer N that is not incorporated
into plant biomass during the initial growing season after fertilization becomes immobilized in the
soil [73]. Similar results specific to fertilizer N immobilization in the soil have also been shown in
forested systems [74–78]. Despite these results, laboratory experiments using a bioassay approach
with soil collected from long term 15N tracer experiments show a measureable uptake of 15N labeled
fertilizers by seedlings from both forest floor and mineral soil sources a decade after fertilization [79].
The mechanisms governing this disconnect between field and laboratory studies will require additional
examination. Yet, if it is found that the additional fertilizer N becomes bioavailable to seedlings after
the harvesting of the remaining stand, this finding could translate to additional gains in fertilizer
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nitrogen use efficiency in these managed pine ecosystems. At certain managed pine ecosystem sites,
especially those which have been thinned, fertilizer management may include an initial fertilizer N
application at stand establishment or shortly after. Yet, if the increase in existing fertilizer N remaining
in the soil is found to be bioavailable, a management system may be altered to forgo the initial N
fertilization while still maintaining high levels of productivity.

Extending research for this study to monitor the long term fate of the 15N enriched fertilizer
treatments will be needed to answer the questions specific to the bioavailability of the fertilizer N
remaining in the soil. Answering whether the increase in fertilizer N in the soil with EEFs will translate
to a higher N availability for trees in these intensively managed pine ecosystems in the future or
become immobilized and/or leached from the system is an important question to continue improving
the economic viability and environmental stewardship of fertilization in these systems. If future
research for the 15N plots used in this study find a majority of the fertilizer N immobilized in the soil
for EEFs, as has been found with other studies using traditional N fertilizers in forest ecosystems,
the primary question becomes whether fertilizer N application rates can be reduced by a percentage
when compared to the traditional rates used in forestry while maintaining productivity. Results
indicating either a higher fertilizer N availability for extended periods from the soil using EEFs and/or
a reduction in fertilizer N application rates while maintaining productivity would assist in improving
the FNUE efficiency of these pine plantation systems.

This research has continued to refine our understanding of the differences in the ecosystem
fate and cycling of fertilizer N between enhanced efficiency and urea fertilizers through the use of
stable isotopes in southeastern pine plantations. Results from this study are from a broad geographic
region, and indicate similar cycling patterns and differences between enhanced efficiency N containing
fertilizers compared to urea after a spring application. The results from this study provide forest
managers a level of confidence that the enhanced efficiency products used in this research after a
spring fertilization will have a generally higher fertilizer N ecosystem retention when compared with
urea across the southeastern United States where pine plantations are intensively managed. The results
from this study will continue to assist forest managers in improving fertilizer nitrogen use efficiency in
pine plantations across the southeastern United States.

5. Conclusions

The principal results of this study were: (1) there was a greater amount of fertilizer N recovered
from the ecosystem for all EEFs compared to urea; and (2) there were differences in the ecosystem
partitioning of fertilizer N among treatments. The reduced ecosystem loss of fertilizer N for all EEFs
compared to urea may translate to an increased quantity of fertilizer N remaining in the system that
could be available for crop tree N uptake and increase the FNUE for the EEFs used in this study
compared to urea. The increased fertilizer N retention in the soil for all EEFs, although not significant,
may also contribute to increasing FNUE over the course of the stand rotation if the increased quantity
of soil N translates to an increase in intensity of N supply. Additional research will be required
to determine the long term fate of EEFs in forest plantations, and whether this added quantity of
soil N from fertilization using EEFs translates to increased productivity. The results from this study
will continue to improve site specific management and increase the efficiency of southeastern pine
plantations. The use of enhanced efficiency fertilizers, if found to be economically viable, could provide
managers the flexibility to apply fertilizer N under a variety of conditions to improve the synchronicity
of fertilizer application and plant N demand.
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