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Abstract

Losses of fertilizer nitrogen (N) were compared between urea and urea treated with the
urease inhibitor N-(n-Butyl) thiophosphoric triamide (urea + NBPT) after a surface
application in winter at three thinned mid-rotation (age 15-20 years) loblolly pine
plantations in Virginia, South Carolina, and Florida. Treatments were labeled with
1SN and applied to open chamber microcosms in January and February 2016. Fifteen
days after application, microcosms were removed from the field to determine fertilizer
N lost from each microcosm. Losses following fertilization with urea (24% to 50%)
were greater (p > .05) at all sites compared to urea + NBPT (12% to 22%). Fertilizer N
losses were greater in Florida than in SC and Virginia although N loss following urea
fertilization was still 25% in Virginia. The loss of fertilizer N was consistently lower
on beds compared to interbeds for both urea (bed = 25%, interbed = 40%) and urea
+ NBPT (bed = 12%, interbed = 23%). This research highlights the value of using
urea + NBPT to reduce fertilizer N losses after a winter application and the greater
potential loss in the interbed on wetter sites.

broadcast application of granular urea ((NH,),CO) (Allen,
1987; Fox, Allen, Albaugh, Rubilar, & Carlson, 2007a).

Nitrogen (N) is a critical nutrient for plant biochemical-
physical development and processes, including photosynthe-
sis (Gough, Seiler, & Maier, 2004), essential plant compound
production (Koricheva, Larsson, Haukioja, & Keinanen,
1998), foliar growth (Albaugh, Allen, Dougherty, Kress, &
King, 1998; Vose & Allen, 1988), and root development
(King et al., 2002). Although most terrestrial systems contain
large amounts of N (Fisher & Binkley, 2000), only a small
proportion is available for plant uptake, resulting in N
limitations to productivity (Chapin, Vitousek, & Van Cleve,
1986). In managed forests, N limitations are ameliorated
by the addition of N-containing fertilizers, generally as a

Abbreviations: NBPT, N-(n-Butyl) thiophosphoric triamide.

Urea application in managed loblolly pine (Pinus taeda L.)
forests across the southeastern United States is an econom-
ically viable, sustainable silvicultural method to ameliorate
N deficiencies due to a high N content, low processing cost,
and high water solubility (Mulvaney & Bremner, 1981; Allen,
1987; Harre & Bridges, 1988). For example, a mid-rotation N
application of 224 kg ha~! N with 28 kg ha~! phosphorous
(P), another important co-limiting nutrient, generally trans-
lates to a growth increase of 3 m® ha~! yr~! over 8 years
(Carlson et al., 2014; Fox et al., 2007a). Although urea-N
application generally increases productivity, there is large
variation in the magnitude of response and may relate to
the proportion and magnitude of fertilizer N lost from
the ecosystem.

Loss of N following urea application depends on the com-
plex interaction of environmental variables at the time of
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application (Raymond, Fox, Strahm, & Zerpa, 2016). Urea
undergoes a series of reactions when applied to the surface of
acidic, aerobic forest soils (Hauck & Stephenson, 1965). The
first reaction, urea hydrolysis, has two stages (Equation [1]).
In Stage 1, the urease enzyme facilitates the formation of
ammonium carbonate ((NH,),CO;) (Conrad, 1942; Pettit,
Smith, Freedman, & Burns, 1976; Marsh, Sims, & Mulvaney,
2005). In Stage 2, ammonium carbonate consumes hydrogen
(H*) ions, raising the pH, and ammonium (NH,*) ions form.
In the second reaction, dissociation, NH,* combines with a
hydroxyl ion (OH™) to form a dissolved ammonia (NH3(d))
ion, an H* ion, and water (H,0) (Equation [2]). After N Hj g,
formation, NH3, can become a gas (NHj;(,)) and may be
lost from the ecosystem to the atmosphere through diffusion,
termed NH; volatilization (Equation [3]).

(NHz)ZCO +2H,0 — (NH4)2CO3 (urea hydrolysis) )
(NH,),CO3+2H" — 2NH,*+ —1 CO,,)+H,0

NH4++OH_ g NH3(d) +H+ +H20 (diSSOCiatiOn) (2)

NHj4) — T NHj(, (NH;volatilization) 3)

Edaphic variables correlated with urea-N loss via NHj
volatilization include soil pH (Kissel et al., 2009), soil mois-
ture (Kissel et al., 2004), soil temperature (Moyo, Kissel,
& Cabrera, 1989), mineral soil versus forest floor substrate
(Cabrera et al., 2005; Kissel et al., 2009; Zerpa & Fox, 2011),
and soil buffering capacity (Fenn & Kissel, 1976; Ferguson,
Koelliker, & Basel, 1984; Sunderlage & Cook, 2018). Climate
variables correlated with applied urea-N loss via volatiliza-
tion include relative humidity (Cabrera et al., 2005; Elliot
& Fox, 2014), surficial wind speed (Kissel et al., 2004),
precipitation (Craig & Wollum, 1982), and air temperature
(Koelliker & Kissel, 1988). Although significant loss of fer-
tilizer urea-N can occur with volatilization, tree canopies
can absorb volatilized NH; and reduce applied urea-N losses
(Nason, Pluth, & McGill, 1988). The quantification of urea-
N loss from ecosystems through the volatilization pathway
is difficult due to the interaction of these variables (Blazier,
Hennessey, Dougherty, & Campbell, 2006). Urea applied
in loblolly pine forests in the southeastern United States in
cooler, wetter winter months would be expected to have lower
urea-N losses due to rapid urea-N dissolution and movement
into the soil (Black, Sherlock, & Smith, 1987; Cabrera et al.,
2010; Ferguson & Kissel, 1986; Moyo et al., 1989; Paramasi-
vam & Alva, 1997). However, large losses of urea-N can still
occur under low temperatures, and winter application does not
ensure low volatilization losses (Carmona & Byrnes, 1990;
Engel, Jones, & Wallander, 2011).

In addition to N limitations, high water tables in poorly
drained soils in the coastal plain of the southeastern United
States create anaerobic conditions that also affect plantation
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Core Ideas

e Urea + NBPT reduced fertilizer N loss
(14.6%) after a winter fertilization compared to
urea (30.0%).

e Reduced fertilizer N loss occurred from both bed
and interbed areas when compared to urea.

e Losses in interbed areas (32.2%) were generally
greater than bedded areas (17.6%).

e Fertilizer N loss with urea can be high even after
a winter fertilization.

e Use of NBPT with urea in this situation can reduce
fertilizer N loss in loblolly pine plantations.

forest productivity (McKee & Shoulders, 1970). Since the
1960s, bedding prior to planting has been a common site
preparation treatment that creates rows of elevated micro-
topography in the stand that improve soil aeration (Allen,
Fox, & Campbell, 2005; Burton, 1971; Fox, Jokela, & Allen,
2007b; Morris & Lowery, 1988; Smith, 1966) and leads to
improved seedling survival and growth. Short-term height
growth response to bedding for early forest development range
from 0.9 to 2.7 meters (Gent, Allen, Campbell, & Wells, 1986;
McKee & Shoulders, 1974; Terry & Hughes, 1975). The ini-
tial height gains results in increased volumes for mid-rotation
pine plantation forests (Kyle et al., 2005). Soils in the raised
bed are generally aerobic and unsaturated during most of the
year while the interbed region can remain saturated and anaer-
obic. Because N application in plantation forests is through
ground or aerial broadcast methods, the entire site is fertilized,
not just bedded areas. On bedded sites, volatilization from
the beds can be a large fertilizer N loss pathway due to aero-
bic, acidic conditions (Raymond et al., 2016). However, addi-
tional fertilizer N loss pathways such as leaching (Binkley,
Burnham, & Allen, 1999), overland flow (Aust & Blinn,
2004), denitrification (Shrestha, Strahm, & Sucre, 2014) and
dissimilatory N reduction (Minick, Pandey, Fox, & Subedi,
2016) may become more important under the saturated, anaer-
obic conditions found in the interbeds.

Enhanced efficiency N fertilizer products were developed
to minimize N loss after fertilization (Azeem, KuShaari, Man,
Basit, & Thanh, 2014; Goertz, 1993; Hauck, 1985) and can
optimize plant N uptake (Shaviv, 1996). The compound N-
(n-butyl) thiophosphoric triamide (NBPT) may be added to
urea prior to application to reduce volatilization (Bremner &
Douglas, 1971). Upon release from urea, NBPT binds with the
urease enzyme prevalent in forest soils (Antisari, Marzadori,
Gioacchini, Ricci, & Gessa, 1996; Bremner & Chai, 1986;
Sanz-Cobena et al., 2008), delaying conversion of urea to
ammonia and allowing time for urea to dissolve and move
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into the soil where exchange sites can bind NH,* (Bremner
& Douglas, 1971). Although NBPT does reduce fertilizer N
loss from loblolly pine plantations (Raymond et al., 2016),
research has also shown soils with very low pH can lead to
NBPT degradation and reduced efficacy (Engel, Towey, &
Gravens, 2015; Forrestal et al., 2016).

The primary objective of this research was to determine the
efficacy of using urea treated with NBPT (urea + NBPT) com-
pared to untreated urea to reduce fertilizer N loss in loblolly
pine plantations in southeastern United States after a winter
fertilization. Fertilizer N losses were also compared in bedded
and non-bedded plantations. In the bedded plantations, fertil-
izer N losses were assessed in the beds and interbed areas.
The hypotheses tested in this experiment were: (i) there was
no difference in the amount of fertilizer N lost between urea
and urea + NBPT after a winter fertilization, and (ii) there
was no difference in the amount of fertilizer N lost on beds
and interbeds after a winter fertilization.

2 | MATERIALS AND METHODS
2.1 | Study sites and treatments

This experiment used a complete block design, with each
site serving as a block. Three mid-rotation (age 15-20 years)
thinned loblolly pine forests with similar structural character-
istics in Virginia, South Carolina, and Florida were selected
along an ecophysiographic gradient from an existing network
of forest productivity trials to support long term research relat-
ing to thinning and fertilization along the eastern edge of
southern loblolly pine plantations in the United States. Cli-
matic data used in this study was obtained from the closest
viable weather station to each site, whereas soil chemical and
physical data were from analyses conducted at the Virginia
Tech Soil Testing Laboratory.

The urea tested in this research was manufactured from
the same material, a powdered 99% enriched I5N urea. This
initial powdered '°N enriched urea was used to manufac-
ture prilled urea with a falling curtain manufacturing process,
where the 99% enriched "N urea was melted and sprayed
onto a seed pellet multiple times to build up successive layers
of 15N urea until the desired granule size was obtained. The
final mean >N urea enrichment for the prilled urea was 0.5
atom% and a mean delta value of 370%.. The granule size for
the urea fertilizer treatment was approximately 5 mm, simi-
lar to that used in operational fertilization in forestry for the
southeastern United States. The second fertilizer treatment,
urea + NBPT, was treated with N-(n-Butyl) thiophosphoric
triamide (NBPT). The NBPT was measured in the laboratory
and stored in scintillation vials until application to the urea in
the field at a rate typical for southern forestry of 1.25 kg Mg™!.
The previously measured NBPT was mixed with the urea in
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a sealed plastic bag to ensure complete coating and impreg-
nation of urea with NBPT, and then immediately applied to
selected microcosms.

2.2 | Microcosm study design

Total fertilizer N loss was determined using open chamber
microcosms (Marshall & Debell, 1980; May & Carlyle, 2005;
Raymond et al., 2016). Microcosms were constructed from
white Schedule 40 polyvinyl chloride pipe (PVC) with an
inner diameter of 15.24 cm. Each microcosm was inserted
vertically through the forest floor into the mineral soil to a
depth of 30 cm, with a 2.5-cm lip extending above the forest
floor. Six microcosms were installed at the flat-planted Vir-
ginia site whereas six microcosms were installed in both beds
and interbeds at the South Carolina and Florida sites. At each
site, three treatment replications were randomly applied by
hand to the surface of the forest floor inside each microcosm
on a single day in January or February 2016. Fifteen days after
treatment application, individual microcosms containing soil
were removed from the field. Covers were secured to the open
ends of each intact microcosm, and the covered microcosms
were placed on ice in coolers for transport to the laboratory.
Microcosms were stored in a walk-in freezer with a constant
temperature of —20°C until processed.

Once removed from the freezer, microcosms were thawed
in a walk in refrigerator for 1 week and the soil in each micro-
cosm was divided into three depth increments: forest floor
(organic), 0—15 cm, and 15-30 cm (mineral soil). Forest floor
samples were wet sieved through a 6 mm sieve, and mineral
soil was wet sieved through a 2 mm sieve. After sieving, sam-
ples were dried in a forced air oven at 60°C for 1 week, and
weighed. All sieved forest floor and sieved mineral soil sam-
ples were pulverized to a powder in a ball mill (Retsch Gmbh
Mixer Mill MM 200, Haan, Germany) for 2 min at 25 rev-
olutions per second. After ball milling, 2 to 4 mg of forest
floor sample and 40 to 45 mg of mineral soil subsamples were
weighed in tin capsules on a Mettler-Toledo MX5 microbal-
ance (Mettler-Toledo, LLC, Columbus, OH, USA). Between
the weighing of each subsample, all instruments used dur-
ing the weighing process were cleaned with an ethanol
solution and allowed to dry to reduce contamination. All
weighed subsamples in tin capsules were analyzed on a cou-
pled elemental analysis-isotope ratio mass spectrometer (Iso-
Prime 100 EA-IRMS, Elementar Analysensysteme GmbH,
Manchester, UK).

2.3 | 8N calculations

The recovery-loss of the fertilizer N treatments for each
microcosm was determined by using an isotopic mass balance
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TABLE 1 Climatic and site characteristics of three loblolly pine forests in the southeastern United States selected to evaluate fertilizer N loss

following winter fertilization with urea and urea treated with NBPT

Site Altitude Mean annual Mean annual Physiographic Soil taxonomic class
precipitation temperature region
m cm °C
Virginia 197 109 13 Southern Piedmont Fine, mixed, subactive, mesic
Typic Hapludults
South Carolina 2 125 17 Atlantic Coast Fine, kaolinitic, thermic,
Flatwoods Umbric Paleaquults
Florida 10 140 20 Atlantic Coast Sandy, siliceous, thermic,

equation adapted from Powlson and Barraclough (1993) and
Nadelhoffer and Fry (1994) where:

— 15 15
MFINAL - MLABELED (6 I\IFINAL_6 NINITIAL)/

(61SNLABELED_SISNINITIAL) 4

Mgnar 1s the mass of the fertilizer N in the soil depth
increment N pool; M; spg gp iS the mass of the 39N recov-
ered from the microcosm; 8> Njyyra; is the natural N
abundance of the soil depth increment pool; 8'Nj Apg gp i
the "N abundance of the added fertilizer N; and 83 Ngy4; is
the final !N abundance of the soil depth increment from the
fertilizer N. Equations 4 through 8 were used to calculate the
percentage of fertilizer N recovered from each microcosm.
The percent (%) fertilizer N in each soil depth increment was
calculated as:

[(S]SNFINAL_SISNINITIAL> /

(SISNLABELED_615NINITIAL)] * 100 )

The percentage (%) of N from labeled material in each
soil depth increment was calculated:

15 15
[(8"Nsorpepraincrement—8""NinrriaL ) /
15 15
(8" NLaeLED =8 NinrmiaL) ]

where 8" Ngo pepri increMENT 18 the N abundance of
individual soil depth increments.

The total N (g) for each soil depth increment was calculated
as:

(Soil depth increment dry weight  mg g~ N)/100  (6)

The amount of N derived from the fertilizer applied N treat-
ment (g) in each soil depth increment was calculated as:

(TotalN = %' N derived from fertilizer N) /100 (7)

Flatwoods Alfic Alaquods

2.4 | Statistical analysis

We tested whether differences occurred for fertilizer N loss
between urea and urea + NBPT at the three locations. To
test differences in fertilizer N loss at the three locations, we
analyzed data from all microcosms at the nonbedded site
(Virginia), and only microcosm data from the beds at the
two bedded sites (South Carolina, Florida). Additionally, at
the two bedded sites in South Carolina and Florida, we also
tested whether there were differences in fertilizer N loss for
microsites (bed vs. interbed). Therefore, the fertilizer N loss
(%), expressed as a percentage of fertilizer N not recovered
from an individual microcosm, was analyzed using an anal-
ysis of variance (PROC MIXED, SAS Institute, Cary, NC),
with treatment and bed/interbed as main effects. Percent data
were arc-sine transformed prior to analysis to conform to nor-
mal distribution. All data were plotted as means of raw data.
If significant main effects or interactions were detected in the
analysis of variance, these differences were additionally tested
using the Tukey Honestly Significant Difference (HSD) test.
All reported levels of significant are at p > .05.

3 | RESULTS

Selected climatic and site characteristics are detailed in
Table 1. Climatic data used in Table 1 was from the closest
viable weather station to each site. Selected soil chemical and
physical properties are detailed in Table 2. Soil chemical and
physical data used in Table 2 were from analyses conducted at
the Virginia Tech Soil Testing Laboratory. The mean fertilizer
N loss, expressed as a percentage of N applied to individual
microcosms, was greater for urea compared to urea + NBPT
(Figure 1). Fifteen days after N application, the mean fertil-
izer N loss from microcosms was 30.0% for urea and 14.6%
for urea + NBPT. Losses for urea were greatest at the Florida
site (41.5%), followed by South Carolina (23.1%) and Virginia
(25.4%) (Figure 2). Losses for urea + NBPT followed a sim-
ilar trend to urea among sites although losses were signifi-
cantly lower at all three sites. For urea + NBPT, fertilizer N
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TABLE 2 Physical and chemical soil characteristics of three loblolly pine forests in the southeastern United States selected to evaluate
fertilizer N loss following winter fertilization with urea and urea treated with NBPT

Bulk pH Total Total
Site Depth density CEC H,0) P K Ca Mg Zn Mn Cu Fe B N C
cm gem™  cmol(+) kg™! mg kg~! (Mehlich I extractable) gkg!l—
Virginia Forest Floor 15.3 315.9
0-15 1.24 6.4 4.2 30 393 683 147 05 7.1 04 627 0.1 1.7 24.9
15-30 1.32 5.3 4.3 23 297 440 11.7 03 40 06 169 0.1 05 7.1
30-50 1.45 5.8 4.4 20 390 460 127 03 24 03 298 0.1 04 8.4
South Carolina  Forest Floor 7.1 252.6
0-15 1.32 7.1 4.4 40 17.0 1470 240 04 3.6 06 349 01 34 28.6
15-30 1.35 7.8 4.5 6.0 18.0 217.0 300 0.7 22 05 347 0.1 1.2 27.6
30-50 1.38 7.5 4.6 40 160 1530 310 07 1.1 04 754 0.1 38 13.9
Florida Forest Floor 5.2 189.4
0-15 1.28 7.2 3.6 30 11.0 113.0 190 04 0.5 0.1 82 0.1 1.5 20.1
15-30 1.28 4.4 3.7 2.0 80 670 100 0.1 1.7 0.1 74 0.1 04 5.2
30-50 1.53 3.9 4.1 1.9 60 540 60 0.1 14 0.1 54 0.1 02 39
100 100 0O Urea O Urea + NBPT
0 »
® 80 " 80
S 3_
4 =z zz
= g6o 35“
Na N3
=g —E- o a
Esu . 5 5w
L e 1 L b
[ T [~ a a
3 2 b 3 20
k- ; _I s I I_._|b b
0 0
Urea Urea + NBPT FL SC VA
Treatment Study Site

FIGURE 1 Mean fertilizer N loss from microcosms, expressed
as a percent of applied N, for three thinned mid-rotation loblolly pine
forests in the southeastern United States selected to evaluate fertilizer N
loss following the winter application of the 1°N enriched treatments
urea and urea treated with NBPT (urea + NBPT). Different letters are
significant differences at a = .05, and error bars are the standard error
of the mean (n = 3)

losses decreased to 22.4% in Florida, 12.8% in South Carolina
and 8.7% in Virginia.

At the two bedded sites in Florida and South Carolina, the
mean fertilizer N losses was greater for interbeds compared
to beds. Fifteen days after N application, the mean fertilizer
N loss from microcosms was 32.3% for interbeds compared to
17.6% for beds. The addition of NBPT to the urea decreased
the fertilizer N losses in both the beds and interbeds (Figure 3).
Fifteen days after N application, the mean fertilizer N loss in
the beds for urea + NBPT was 12.3% compared to 22.9% in
the interbeds. For urea, fertilizer N loss in beds was 25.1%
compared to 39.5% in the interbeds.

FIGURE 2 Mean fertilizer N loss from microcosms, expressed
as a percent of applied N, for three thinned mid-rotation loblolly pine
forests in the southeastern United States (FL, Florida; SC, South
Carolina; VA, Virginia) selected to evaluate fertilizer N loss following
the winter application of the "N enriched treatments urea and urea
treated with NBPT (urea + NBPT). Analysis is between treatments for
each individual site. Different letters are significant differences at

o = .05 at individual sites, and error bars are the standard error of the

mean (n = 3)

4 | DISCUSSION

We rejected our first hypothesis because fertilizer N losses
were significantly lower for urea + NBPT (14.6%) compared
to urea (30.0%). The mean fertilizer N loss for urea + NBPT
ranged from 8.0-29.8% compared to 24.3-49.5% for urea
15 days after a winter application. This result is similar
to other studies in forested systems that have found large
losses of fertilizer N when urea was applied (Elliot & Fox,
2014; Kissel et al., 2009; Raymond et al., 2016). The use of
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Urea + NBPT
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FIGURE 3 Differences in the mean fertilizer N loss, expressed
as a percent of applied N, for urea and urea treated with NBPT, between
beds and interbeds from microcosms, for two three thinned
mid-rotation loblolly pine forests (South Carolina, Florida) in the
southeastern United States selected to evaluate fertilizer N loss
following the winter application of the >N enriched treatments urea
and urea treated with NBPT (urea + NBPT). Different letters are
significant differences at a = .05 at individual sites, and error bars are
the standard error of the mean (n = 3)

enhanced efficiency fertilizers significantly decreased fertil-
izer N losses in all of these studies.

Lower fertilizer N losses have been reported when urea was
applied under wetter and cooler conditions (Cabrera et al.,
2010; Ferguson & Kissel, 1986; Moyo et al., 1989) due to
rapid urea dissolution (Black et al., 1987; Paramasivam &
Alva, 1997) and is the rationale for applying urea in the win-
ter in managed pine forests of the southeastern United States.
It was thought that cooler and wetter conditions in the win-
ter would lower the risk fertilizer N loss. However, this study
demonstrates that large losses of urea-N still occurs after a
winter fertilization in loblolly pine forests in the southeast-
ern United States. A similar study in loblolly pine forests
during the spring and summer months by Raymond et al.
(2016) found comparable fertilizer N losses for urea N com-
pared to enhanced efficiency products. Climatic conditions
conducive to fertilizer N loss after urea application can occur
any time of year across the southeastern United States. Large
volatilization losses have been reported in agricultural sys-
tems even when temperatures are near freezing (Carmona &
Byrnes, 1990, Engel et al., 2011). Yet volatilization losses
observed in our study were lower when urea was treated with
NBPT even in the winter. This finding suggests there is value
in using urease inhibitors, such as NBPT, at all times of the
year when fertilizing with urea. This is true from an ecologi-
cal point of view, but the economical convenience must also
be considered.

We rejected our second hypothesis because we observed
significant differences in N loss on beds and interbeds. Fif-
teen days after N application, the mean fertilizer N loss from

RAYMOND ET AL.

microcosms was 32.3% for interbeds compared to 17.6% for
beds. Volatilization can be a primary loss pathway for fer-
tilizer N under the acidic, aerobic conditions present for a
large portion of the year in forest soils supporting man-
aged pine forests across the southeastern United States. The
addition of the urease inhibitor NBPT to the urea fertilizer
decreased fertilizer losses on both the bed and interbed areas
in this study, suggesting volatilization was an important loss
mechanism in both locations. In the present study although
ammonia volatilization, nitrous oxide loss and nitrate leach-
ing were not quantified, some considerations regarding those
process are mentioned ahead. Fertilizer N loss was approx-
imately 10% to 13% greater in the interbed areas compared
to the beds, regardless of whether a urease inhibitor was
applied. This finding suggests that loss mechanisms other than
volatilization may be occurring on these poorly drained soils.
Based on Natural Resource Conservation Service Soil Sur-
vey Geographic Database (NRCS SSURGO) drainage class
data, and an estimate of loblolly pine coverage in the south-
east (Zhang & Roy, 2017), we estimated that 35% of soils
under loblolly pine are very poorly, poorly, or somewhat
poorly drained. Potential mechanisms for loss from the micro-
cosms include plant uptake, leaching, or denitrification. It is
unlikely that plant uptake was a major component of fertil-
izer N loss from the microcosm because plant roots were sev-
ered when the microcosms were installed, and root uptake
and growth is minimized during winter months. It is uncer-
tain whether leaching or denitrification were significant loss
pathways from the microcosms. Although the majority of N
recovered in individual microcosms was in the upper soil pro-
file (forest floor, 0—15 cm) and not in the 15-30 cm soil depth
increment. we did not specifically measure either leaching or
denitrification in this experiment and are unable to distinguish
which loss mechanism was more significant in relation to fer-
tilizer N loss.

Denitrification is more likely to occur in the interbed loca-
tions on these poorly drained soils where anaerobic conditions
would occur than on the elevated beds where surface soils
remain aerobic (Kelting, Burger, & Edwards, 1998). A study
in a similar managed forest in the southeastern United States
by Shrestha et al. (2014) found losses due to denitrification
after a winter N application were greater when compared to
spring and summer months. Denitrification in aerobic forest
soils are transient and stimulated by precipitation (Sexstone,
Parkin, & Tiedje, 1985). Denitrification in aerobic soils is
less than that observed in anaerobic and saturated soils (Zak
& Grigal, 1991; Kuzyakov & Blagodatskay, 2015). Given the
different microenvironments on beds and interbeds during
winter months, it is probable that the majority of fertilizer
N loss on beds is from volatilization (Raymond et al.,
2016) whereas interbed fertilizer N loss is a combination of
volatilization and denitrification (Kelting et al., 1998).
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S | CONCLUSIONS

Results from this study show fertilizer N losses following
application of urea can be significant during winter in pine
plantations in the southeastern United States. These losses can
be reduced by using a urease inhibitor such as NBPT under
these same conditions.
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