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The coupled role of the terrestrial nitrogen (N) and carbon (C) cycles is of increasing
importance, particularly in light of global climate change. Forested ecosystems contain
over half of the terrestrial C pool and currently absorb as much as 30% of anthropogenic
COz emissions. Many forests, particularly Douglas-fir forests in the Pacific Northwest,
are growth limited with respect to N. Fertilizers are therefore applied in commercially
managed forests to increase productivity and timber yields. However, high N inputs can
saturate the biological demand for N and lead to increased rates of N loss through
leaching and gas loss via denitrification and volatilization. To improve N use efficiency
one approach is the application of Enhanced Efficiency Fertilizers (EEFs) designed to
limit N losses to volatilization. In this dissertation, the recovery rates of three different
EEFs including Environmentally Smart Nitrogen (ESN), N-(n-butyl) (NBPT), and
Arborite coated urea fertilizer (CUF), are compared to the recovery rates of an
unformulated urea fertilizer. Using >N enriched fertilizer I determined both short term N
losses (0-4 weeks after fertilization) and how the applied N is partitioned between
ecosystem pools one year after fertilization. After four weeks, a mean of 60% of the
applied N was recovered in the soil and forest floor. Retention rates were not

significantly improved with the use of EEFs. After 1-year, N recovery was low across all



sites and fertilizer types with a mean of 39.0%. The remaining N could not be accounted
for in the pools we sampled. The largest fertilizer pool was the top 20cm of mineral soil.
Again, after 1-year, no differences were found between EEFs and the standard urea

fertilizer.

Monitoring of nitrogen (N) inputs to forested ecosystems in China has historically been
limited despite known negative effects that high N additions can have on environmental
and human health. To better understand terrestrial patterns of foliar, soil, and wood §'°N
relative to soil N concentrations (%N) in a heavily polluted region, two Chinese parasol
tree (Firmiana simplex) groves adjacent to an industrialized basin were examined on the
Loess Plateau, approximately 80km east of the city of Xi’an, Shaanxi Province, China.
The 8N values of ecosystem pools sampled in this study are substantially lower than
what is typically observed in temperate forests around the world. Results suggest greater
foliar uptake of N in the tree canopies bordering the industrialized basin compared to
trees located at the forest interior. N concentrations and 8'°N of soil and plant tissue were
inversely correlated along this transect and indicate higher inputs of N from §'°N
depleted sources in the basin. Tree ring §'°N values declined between 2003 and 2014

during a time of rapid development and expansion of industry in the basin.

The projects in the Pacific Northwest and on the Loess Plateau in China are two separate
studies. The differences in experimental design and objectives of the two studies does

not facilitate comparisons between them.
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Chapter 1
INTRODUCTION

Over the last 150 years, human activities have altered the global nitrogen (N) cycle to the
extent that emissions of reactive N (Nr) now exceed global rates of natural N fixation
(Galloway et al. 2008). Despite increases in Nr emissions, the productivity of many
forests is still limited by the availability of N, an essential plant nutrient (LeBauer and
Treseder, 2008). Nutrient limitations occur when the potential uptake by plants exceeds
the available soil nutrient supply (Allen et al. 1990). Theoretically, N fertilization in these
forests as a deliberate land management practice or because of atmospheric deposition of
Nr should ameliorate these deficiencies and increase tree growth. However, previous
research has produced mixed results (Talbert and Marshall, 2005; Peterson et al. 1984).
One of the major uncertainties in our understanding of ecosystem response to N
fertilization is the fate of approximately 30-40% of N inputs (Morse et al. 2015). Forest
productivity and the environmental impacts of Nr inputs depend on where N is retained in
the ecosystem, particularly how it is partitioned between ecosystem components (i.e. soil

and tree biomass pools).

The purpose of this research is to quantify nitrogen retention efficiency and fate of four
commonly used urea based fertilizers and to assess ecosystem uptake of atmospheric N
deposition in a heavily polluted forest. This dissertation is divided into four chapters
with the following objectives:

[1] Determine nitrogen retention efficiency of different urea-based fertilizers,

[2] Assess nitrogen redistribution in the ecosystem one year after fertilization, and
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[3] Evaluate foliar uptake and tree-ring record of atmospheric nitrogen in a polluted
forest in China.

Results from this proposed research will improve our understanding of N retention in
managed Douglas-fir ecosystems as well as the application of natural abundance isotopes
of nitrogen (hereafter referred to as §'°N) in evaluating N cycling in polluted forests in

China.

This research is conducted in managed Douglas-fir forests (Pseudotsuga menziesii) in the
western Douglas-fir region of Oregon and Washington and groves of Chinese Parasol
trees (Firmiana simplex) on the Loess Plateau in Shaanxi Province, China. The Douglas-
fir forests have received a single high N input through deliberate fertilization intended to
increase productivity of otherwise N-limited sites. In contrast, the forests in China are
not N-limited and are continuously exposed to high levels of atmospheric N deposition
from industrial and transportation sources. Despite geographic differences, N retention
and partitioning of added N between soil and plant pools is important for the health of
both forested sites. The projects in the Pacific Northwest and on the Loess Plateau in
China are two separate studies. The differences in experimental design and objectives of

the two studies does not facilitate comparisons between them.

1.1 Background

This dissertation research was conducted in managed Douglas-fir forests (Pseudotsuga
menziesii) in the western Douglas-fir region of Oregon and Washington and groves of

Chinese Parasol trees (Firmiana simplex) on the Loess Plateau in Shaanxi Province,
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China. The Douglas-fir forests have received a single high N input through deliberate
fertilization intended to increase productivity of otherwise N-limited sites. The forests in
China are not N-limited and are continuously exposed to high levels of atmospheric N

deposition from industrial and transportation sources.

Nr Inputs

Gaseous loss

Capacity Saturation

co, B

J

Nr Inputs

Gaseous loss

Kinetic Saturation

Figure 1.1 Current models of N retention and loss. A: Aber et al. 1998 B: Lovett and
Goodale, 2011.

Nitrogen saturation, defined as the accumulation of N in excess of biological demand,
develops as a result of N accumulation within an ecosystem (Agren and Bosatta, 1988).

One of the earliest models of N saturation describes a sequence in which increased N
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deposition initially leads to higher productivity and increased N concentrations in
vegetation and soil pools (Aber et al. 1998). As N inputs continue, productivity response
begins to decline and uptake by biota is saturated, while volatilization, denitrification,
and leaching losses from the ecosystem increase. Based on this capacity saturation
model, a commonly used indicator of N saturation is increased nitrate (NO3) leaching
below the rooting zone and into stream water (Aber et al. 1998). Capacity saturation
occurs when the N sinks cannot accumulate additional N, so deposited N is lost from the
system. When a site is at capacity saturation the accumulation of new biomass and net
carbon sequestration is zero or less, while the inputs of N to the system would be
expected to equal the outputs (Lovett and Goodale, 2011). An alternative model
recognizes that N can simultaneously enter multiple pools, including aboveground
biomass, soil and forest floor, and loss pathways such as leaching, volatilization, and
denitrification (Lovett and Goodale, 2011). This kinetic saturation occurs when N is
added at a rate exceeding the rate of uptake by N pools in the soil and vegetation (Lovett
and Goodale, 2011). During kinetic saturation, N accumulation and losses occur
simultaneously (Figure 1.1). Kinetic saturation is likely to occur when rates of
fertilization or N deposition exceed the rate of uptake into plant biomass or soil N pools.
In natural systems, capacity saturation is rare but can develop because of disturbances
such as logging that alter the relative strength of the biomass N pool. The strength of N
pools and response of forests to increased N additions vary geographically due to
differences in soil base cation saturation, climate, atmospheric deposition of pollution,

and forest stand structure (Fenn et al. 2003).
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1.1.1 Response of forested ecosystems to N additions varies across sites

Increased growth rates with simultaneous leaching losses in response to N deposition and
fertilization across sites suggests that the model proposed by Aber et al. (1998) does not
always apply. The N saturation theory developed by Aber et al. (1998) predicts that low
level additions of N in N limited sites should increase NPP with negligible N losses.
Essentially, N limited sites should have high N retention rates with fertilization. In the
western Douglas-fir region of Oregon and Washington, repeated fertilization of N-limited
sites yields highly variable results with some sites experiencing increasing NPP and
others decreasing NPP (Talbert and Marshall, 2005). If the Abers et al. (1998) theory
holds true, fertilization of N limited sites should consistently increase productivity in the

absence of other growth limitations.

Previous studies have found that N fertilization can increase tree growth when applied to
low productivity sites. Talbert and Marshall (2005) suggest that intensive management
with repeated N fertilization can increase the average site productivity from 13 m? ha! yr-
! to between 17 and 20 m? ha'! yr!. However, other studies have produced less optimistic
results. Peterson and Gessel (1984) found a change in the volume of Douglas-fir stands
ranging from -5.5 to +13.1 m? ha"! yr'! when compared to control sites six years after
fertilization. Theoretically, N fertilization should increase tree growth, but the variability
in these results suggests a need for further research to determine why some sites respond

favorably to fertilizer applications while others do not.
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An improved understanding of the temporal and spatial controls on the fate of N is
needed to better understand the variable response of N limited temperate forests to N
fertilization, deposition, and disturbance. As the Lovett and Goodale (2011) model of N
saturation suggests, the assumption that fertilization of N limited sites does not result in
high N losses may not be accurate because N can be lost from the system even while NPP
is increasing (Swank and Vose, 1997). Quantifying N retention in the western Douglas-fir

region of Oregon and Washington can reveal how these N losses vary geographically.

1.1.2  Isotope methods for N cycle reconstructions

Nitrogen stable isotope methods are increasingly employed as a means for understanding
the fluxes, transformations, and fate of N in ecosystems (Rothstein et al. 1996; Dawson et
al. 2002). The 85N of soil and plant pools reflects an integration of the dominant fluxes
of N into or out of the system and vary across environmental gradients in precipitation
and temperature (Pardo et al. 2006; Craine et al. 2009). Current research suggests that
soil and plant tissue 8'°N are positively correlated with higher leaching losses of N
(Pardo et al. 2002). Increasing 8'°N of foliage and soil is frequently interpreted as
increased N loads and leaching losses of N. Interpretation of the !N of tree rings relies
on an assumption that the §'°N of a given tree ring reflects the local N cycle for that year
(Gerhart and McLauchlan, 2014). Declines in tree-ring 8!°N over time have been
attributed to declines in N availability (i.e. low leaching rates; McLauchlan and Craine,
2012; Kranabetter et al. 2013) or changes in N source (i.e. new pollution source; Stewart

et al. 2002; Guerrieri et al. 2009; Fang et al. 2011). Other studies suggest that increases
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in tree ring 8!°N also reflect changes in N source, leaching, or increased N availability
due to changes in disturbance regimes over time (Caceres et al. 2011). For example,
declines in NPP resulting from logging increase N losses due to a decreased capacity for
uptake of soil nutrients (Marks and Bormann, 1972) and could consequently increase the

815N of the tree rings due to higher N losses.

1.1.3  Enhanced Efficiency Fertilizers

Urea based EEFs are designed to decrease N losses by coordinating the release of
fertilizer N with plant demand. Several mechanisms are used in theses fertilizers to
theoretically decrease losses of N. Controlled release EEFs work by delaying the plant
availability of N through the use of coatings (Trenkel, 2010). Urease inhibitors slow
hydrolysis by blocking the active site on urease, the enzyme catalyst that converts urea to
CO2 and ammonia which is readily available in forest soils (AAFPCO, 2015; Bremner
and Douglas, 1971; Sanz-Cobena et al. 2008. The benefits in terms of N use efficiency
are however unclear. Research comparing N losses with the application of EEFs to
standard unformulated urea fertilizers in agricultural plots have produced mixed results
with some studies showing decreased losses of N with EEF use (Akiyama et al. 2010;
Halvorson et al. 2014) while other studies show an increase or no difference in losses
with EEF use (Sistani et al. 2011; Watts et al. 2015). Most of the research comparing
EEFs to unformulated urea fertilizers are from studies in food agroecosystems as opposed
to agroforestry systems where there is a paucity of research on the topic. A similar study

in Loblolly Pine plantations of the southeastern United States shows improved N use
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efficiency with the application of EEFs ( ESN, NBPT, CUF) compared to the
unformulated urea (Raymond et al. 2016). Using the same treatment and experimental
design, fertilizer-N recovery was higher at the loblolly pine sites than when the same
treatments are applied to plantation forests in the western Douglas-fir region of Oregon
and Washington (Raymond et al. 2016). The particular EEFs used in both studies were
formulated specifically for the southeastern United States. This is especially relevant for
the polymer coated EEF (ESN) as the polymer coating breaks down when exposed to
water, higher temperatures, and solar radiation (AAFPCO, 2013). Douglas-fir forests
have dense canopies with very little sunlight penetrating the canopies and hitting the
forest floor relative to loblolly pine stands which are more open and their forest floors

receiving more sunlight at the ground level, where the fertilizer rests after application.
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Chapter 2
No difference in nitrogen retention with enhanced efficiency fertilizers (EEFS) 4-
weeks post-fertilization

Abstract
Enhanced efficiency fertilizers (EEFs) are used to decrease losses of N to volatilization
and leaching. Nitrogen lost through leaching ends up in groundwater and streams where
it is harmful to both ecosystems and human health. Higher N retention and increased
uptake are intended to offset the additional cost of these EEFs. Pacific Northwest
Douglas-fir forests have been shown to be N limited and consequently have high N
retention rates. We tested this hypothesis by tracing four urea based fertilizers from zero
to four weeks after application in five managed Douglas-fir forests in Oregon and
Washington. Three fertilizers were urea based EEFs and the fourth an industry standard
urea fertilizer. Fertilizers were enriched with >N which facilitates the tracing of fertilizer
as it moves between pools. Retention rates were calculated for the forest floor and
mineral soil to a depth of 20cm. After four weeks, a mean of 60% of the applied N was
accounted for. Retention rates were not significantly improved with the use of EEFs. No
improvement in N retention with EEFs suggests that volatilization may not be a

substantial loss pathway at these sites.
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2.1 Introduction

Human activities have substantially altered the global nitrogen (N) cycle, to the extent
that anthropogenic production of reactive N (Nr) now exceeds global rates of natural N
fixation (Galloway et al. 2008). Nitrogen is an essential plant macronutrient needed for
the production amino acids and proteins. Consequently, when N is limiting,
photosynthetic capacity decreases because of reduced leaf area resulting in decreased
growth rates and declines in forest productivity. As a stand grows older the demand for N
increases however nutrient availability has decreased since the conditions required for the
accumulation of N in the soil are less favorable. Fertilizers are applied to agricultural
systems, including commercially managed timber sites, to ameliorate such N deficiencies
and maintain growth rates (Fenn et al. 1998; Chapin et al. 2002; Shryock et al. 2014).
Unfortunately, the negative consequences of excess N inputs are substantial, having been
linked to soil acidification, decreases in biodiversity, eutrophication, and declines in
human health (Vitousek, 1997; Fenn et al. 2003). Increased N inputs to ecosystems can
stimulate growth and carbon (C) sequestration of some tree species (Thomas et al. 2010),
but high rates of fertilizer inputs can saturate the biological demand for N and lead to
increased rates of N loss through leaching and gas loss via denitrification and
volatilization (Aber et al. 1998). A forest’s capacity to retain N when faced with
increased N additions varies geographically due to differences in soil base cation
saturation, climate, atmospheric N deposition, and forest stand structure (Fenn et al.
2003). The efficient use of N fertilizers is of critical importance to land mangers seeking
to balance the demands for high agricultural yields (i.e. timber products), economic costs

of fertilizers, and ecosystem health. Improving N management practices and our
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understanding of the environmental impacts of ecosystem N additions requires a more
accurate accounting of the N cycle and the efficient use of N fertilizers (Amponsah et al.

2004; Fang et al. 2011; Fenn et al. 2003).

Enhanced Efficiency Fertilizers (EEFs) are a common management tool employed to
limit N losses following fertilization of agroecosystems. Fertilizers are commonly
applied in excess of plant demand to maximize gains in productivity (Watts et al. 2015).
N applied in excess of plant demand can result in short-term saturation of an otherwise
N-limited site (Lovett and Goodale, 2011). This kinetic saturation results in the loss of N
through increased volatilization, denitrification, or leaching (Lovett and Goodale, 2011).
Urea based EEFs are designed to decrease N losses by coordinating the release of
fertilizer N with plant demand. Several mechanisms are used in theses fertilizers to
theoretically increase their efficiency. Controlled release EEFs work by delaying the
plant availability of N through the use of coatings (Trenkel, 2010). Urease inhibitors
slow hydrolysis by blocking the active site on urease, the enzyme catalyst that converts
urea to CO2 and ammonia. The benefits in terms of N use efficiency are however unclear.
Research comparing N losses with the application of EEFs to standard unformulated urea
fertilizers in agricultural plots have produced mixed results with some studies showing
decreased losses of N with EEF use (Akiyama et al. 2010; Halvorson et al. 2014) while
other studies show an increase or no difference in losses with EEF use (Sistani et al.
2011; Watts et al. 2015). Most of the research comparing EEFs to unformulated urea
fertilizers are from studies in food agroecosystems as opposed to agroforestry systems

where there is a paucity of research on the topic.
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Most forest soils contain large amounts of N, with ranges reported between 2 and 7 Mg
ha! (Fisher and Binkley, 2012). The variability of soil N within forests is high relative to
the amount of N that is added through fertilization. An example of this is the soil N
content measured at two different Long-term Soil Productivity (LTSP) sites in the Pacific
Northwest. For the low productivity Matlock site, the soil N content in the upper 15cm
was 1,330 (+80)kg ha'!. In contrast, the soil N content was 2,810 (+250) kg N ha! for the
high productivity site at Fall River (Meehan, 2006; Ares et al. 2007). The amount of
fertilizer N that is applied to plantation forests is usually equal to or less than 224kg ha™!,
and in the case of atmospheric deposition in the region it is estimated between 1-9 kg ha'!
yr'! (Geiser et al. 2010). These additions are small relative to the variability and overall
quantity of N in forested ecosystems. Consequently, it is difficult to account for changes
in the N pools of forested ecosystems by using a simple N mass balance approach or by
using changes in tree growth rates as a proxy for N retention. The use of N fertilizer
enriched with the stable isotope '°N is a method that has been used for tracing N as it is
cycled in the environment (Naddelhoffer et al. 1995; Templer et al. 2004). Because
natural abundance 3'°N is low, using >N enriched fertilizer as a tracer enables the direct
measure of the partitioning of applied N between ecosystem components (i.e. vegetation,
forest floor, soil) rather than using growth response as a proxy. This technique has been
employed in agricultural research for tracing fertilizers in farmed plots (Hauck and
Bremner, 1976). While the use of '°N tracers in agricultural research at the single plot
scale is relatively common, its use in forest research has been limited because of the high

cost and large quantities needed to fertilize trees with extensive root systems and large
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amounts of above ground biomass. The application of "N-enriched fertilizers has been
used to study N retention in a range of temperate forests (Emmit and Quarmby, 1991;
Buchman et al. 1996; Fitzhugh et al. 2003; Nadelhoffer et al. 1995; Tietema et al. 1998;
Templer et al. 2004). Results from tracer studies can reveal how N is partitioned between

ecosystem components (Nadelhoffer et al. 1995; Templer 2004).

The objective of this study is to determine the differences in short-term (0 — 4 weeks after
fertilizer application) N losses between four different commercially available urea based
fertilizers. Three of the fertilizers are EEFs and the fourth is an unformulated urea, the
industry standard fertilizer. We hypothesize that N losses would increase over the four-
week period and the smallest losses would occur in the EEF-fertilized plots. We also
expect there to be differences in N retention between sites as the conditions that lead to N

loss vary across the five study areas.

2.2 Study Area

Five study sites were selected across the western Douglas-fir region of Oregon and
Washington (Figure 2.1). Douglas-fir is the most wide-ranging tree species on the west
side of the Cascade mountains and an important crop species which makes the region a
leading supplier of high quality wood products (Brubaker et al. 1992; DNR 2012). The
study sites all contain approximately 25-years old (since planting), previously unfertilized
Douglas-fir stands, located within plantation forests. These sites were selected to include

a representative range of parent materials and latitudes of Douglas-fir plantation forests in
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the region. This study is part of a larger study exploring the varied response of Douglas-

fir stands to N fertilization. Each of the five sites are described in further detail below.

Oppelt Rd,, ‘Mm Creek

.Adna 1

Les Smith
9

Clarks Creek.

wurcos Esn S0 NOAA

Figure 2.1: Locations of study sites in the Western Douglas-fir Region of Oregon and
Washington.

2.2.1 Mill Creek

The Mill Creek soils are loams (0-5cm depth) and sandy loams (50cm depth) whose
parent material is of glacial outwash origin. Of the five sites Mill Creek has the lower

soil N content of the five sites with 7243 Mg ha!. Mean annual soil moisture at Mill
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Creek is 0.34 cm/cm? in the surface horizon (5¢cm depth) and 0.16 cm/cm? at 50cm depth.
The site is situated at 46m above sea level and has a 0% slope. Plotting density is 809

tree ha!. C/N of the forest floor is 20 and the soil A horizon has a C/N of 25.

2.2.2 Oppelt Rd

Located to the southwest of Mill Creek, the Oppelt Rd site has a similar glacial outwash
parent material. Oppelt Rd has the highest soil N content of the five sites at 10796Mg ha“
I, Soil textures are clay loam at 5cm and transitions to a sandy clay loam at 50cm depth.
Mean annual soil moisture at this site is higher than Mill Creek with a mean of 0.33
cm/cm?® at Scm depth. At 50cm the soil moisture is 0.29 cm/cm?. The site has a 10%
slope and is situated at 91m above sea level. Planting density is 820 trees ha™!. C/N of the

forest floor is 20 and the soil A horizon is 18.

2.2.3 Adna 1

The Adna 1 site has a sedimentary parent material. The soil texture at both Scm and
50cm depth is clay. Total soil N content is 9583Mg ha!. Forest floor C/N is 23 while soil
C/N is 17. Mean annual soil moisture increases slightly with depth at this site. At S5cm
depth soil moisture is 0.26 cm/cm? and at 50cm soil moisture is 0.28 cm/cm?. The site is
located at 213m elevation with a 0% slope. Planting density at Adna 1 is higher than the

two northern most sites at 981 trees ha™!.
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2.2.4 Les Smith

The Les Smith site is located in Oregon and has an igneous parent material. Soil texture
is a silty clay loam at Scm depth and clay loam at 50cm depth. Total soil N content is
9039Mg ha“!. Forest floor C/N is highest here relative to the other four study sites with a
forest floor C/N of 40 while soil C/N is 24. Mean annual soil moisture at Scms depth is
0.30 cm/cm? and increases to 0.36 cm/cm? at 50cm depth. The site, located at 451m

elevation has a 14% slope. Planting density is 805trees ha™!.

2.2.5 Clark Creek

Clark Creek, the southernmost site, is located in Oregon. The parent material here is of
igneous origin. The soil at Scms depth has a loam texture while at S0cm depth the texture
is a clay loam. Total soil N content at Clark Creek is 8646 Mg ha™!. Forest floor C/N of
60 is the highest of the five sites in our study. Soil C/N is 28. Mean annual soil moisture
is 0.26 cm/cm? at 5cm depth and increases slightly to 0.28 cm/cm? at 50cm. The
elevation is at 793m and the site has a 15% slope. A planting density of 769 trees ha™ is

the lowest of the five sites.

2.3 Methods

To trace the fate of applied N in the ecosystem and compare the relative N retention

between sites and urea fertilizer type, four different urea based '°N-labelled fertilizers
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were used. Each of the four urea based fertilizers were enriched to 0.5atom% "N
(~370%00"3N). Using a fertilizer enriched with SN, the applied fertilizer may be traced as
it moves between N pools within the study area. The four fertilizer treatments used were

1) urea, 2) Agrium ESN, 3) urea + NBPT, and 4) Urea + CUF (Table 2.1).

Unformulated urea fertilizer is considered the industry standard fertilizer treatment in
production forestry. Environmentally Smart Nitrogen (ESN), N-(n-butyl) (NBPT), and
Arborite coated urea fertilizer (CUF) type EEFs each contain a different additive
designed to decrease volatile losses and improve uptake efficiency. The application of
EEFs assumes that volatilization is a substantial loss pathway and thus additional N

retained in the soil is available to plants.
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2 20cm pvc sample core

=" Core samples collected at 2
week intervals

Figure 2.2: Study plot showing PVC cores inserted in forest floor. Cross section of a
single PVC core. One PVC core was removed and analyzed at times 0, 2, and 4 for each
treatment type (i.e. ESN, Cuf, NBPT, and Urea).

2.3.1 Experimental Design

Short-term (0-4 week) N losses have been measured at each of the 5 installations using a
randomized block design. Thirteen PVC loss tubes were installed to a depth of 20cm at
each of the five sites. Each tube received one of the four fertilizer treatments for a total
of three tubes for each treatment and a single loss tube for the control per site (Figure
2.2). The PVC cores cut off the roots from the soil and provided an estimate of N losses
irrespective of plant uptake. Forest floor and mineral soil samples were collected from
within the tubes immediately after fertilization (week 0) and every two weeks thereafter

for a total of 4 weeks (at weeks 2 and 4). The soil samples were all dried and sieved to
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<2mm. Organic matter >2mm was removed, weighed, and ground in a ball mill. The
ground organic component was then added back to the <2mm mineral soil. The soil and
ground organic matter was then mixed to ensure uniform subsampling. Four ~20g
samples were scooped from the mixture and ground to a fine powder for isotope analysis.
The forest floor component was air dried and weighed. The dry sample was then passed
through the Wiley mill and ground to <2mm. A subset of the forest floor was sampled
and ground to a fine powder to be used in the isotope analysis. Enriched samples were
analyzed by the UC Davis Isotope Lab using a PDZ Europa ANCA-GSL elemental
analyzer interfaced with a PDZ Europa 20-20 isotope mass spectrometer. For each
mineral soil and forest floor samples, the 8'°N signature obtained was converted to a total
a value for N attributed to the fertilizer application. The 8' N value obtained from the
analyses is converted to atom% '°N using Equation 2.1. A simple mass balance equation
was used to calculate N loss over the four week period (Equation 2.1). The environmental
and site conditions which best account for the short-term N losses across the study sites

and between fertilizer types will be determined.
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[Equation 2.1]

%1°Nree = 100 * Mpoo® (@tom%1°N oo — atom%1°N,e)/100

15Ntra(:er

%3 Nrec = percent of applied SN tracer recovered in labeled N pool
mpool = N mass of labeled pool

atom % "Nref = atom percent N of the reference pools

atom % ""Npool = atom percent SN of the ecosystem pools

5Niracer = amount of N added to each pools

Equations based on calculations describe by Buchmann et al. 1996; Templer et al. 2005

Table 2.1: Summary of the four fertilizer treatments applied at each of the 5 study sites.

Fertilizer Description Mechanism
Volatilization loss
Urea Industry standard | controlled via timing
of application
Delays hydrolysis of
ESN Polymer coated urea for 60-90 da_ys;
(Agrium) urea release of urea is
temp. and moisture
dependent
Coated with Slows hydrolysis by
Urea+ . . .
N-(n-butyl) blocking active site
NBPT . .
. thiophosphoric on urease for 7-21
(Agrotain) .
triamide days
Granular urea pellets
coated with boron
lution- act both
Urea+CuF Coated with SO 'on' a}c > a5 80
(Arborite) hosphate 0 el L9E17 e )
phosp binder for additional
nutrient layer (PO,)
- No fertilizer
Uncfs:lt:::)zled added within the N/A
100m? boundary
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2.3.2 Statistical Analyses

Differences in N recovery among sites and fertilizer treatments were assessed with an
ANOVA and all statistical significance is assessed based on o < 0.05. A Tukey’s HSD
test was then applied to determine which means were significantly different from each
other (o0 = 0.05). A multiple linear regression analysis was used to determine which
environmental site conditions, if any, best predict N retention across the study sites. The
subset of predictor variables included in the final model were selected using a forward

step-wise approach.

2.4 Results

Over the 4-week sample period, a mean of 30.2% of the applied fertilizer was lost across
all study sites and treatments (Figure 2.3). During this time, the forest floor was the
largest reservoir for the applied fertilizer. A mean of 66.7% of the applied fertilizer was
recovered in the forest floor after 4-weeks, and a mean of only 2.5% of the applied
fertilizer N was recovered from the soil at 4-weeks. During this 4-week study, the pool of
N recovered in the forest floor declined by 26.7%, with only a negligible increase in the
soil N pool (Figure 2.3). During this time the portion of unaccounted for N increased. At

2-weeks, 16.5% of the applied N fertilizer was not recovered and then at 4-weeks 30.2%.

33



Forest Floor

100 _— _—
9 .
< 80 - S
>
g
O 60
(&)
()]
I (e}
w 40 i
(O]
N
£ 20 °
(0]
w
0 —
T
Mineral Soil
100
o
2 g0 -
>
)
3 60 -
(&)
()]
o
+ 40
(0]
N
'*GEJ 20
L o 8 8
0 _8
T I
Fertilizer Loss
100
<
2 g0 -
>
E o
3 60 -
(&)
(0] o
oc
w 40 -
o)
N
£ 20 : :
(0] ° !
L o ﬁ |
0 !
T T I
0 2 4
Week

Figure 2.3: N recovery in forest floor and mineral soil (0-20cm) at 0, 2, and 4 weeks.
Fertilizer loss represents the unaccounted-for fertilizer at 0, 2, and 4 weeks.
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Table 2.2: Mean fertilizer recovered (% of fertilizer application) in the forest floor and
soil (0-20cm) for each of the four fertilizer treatments. The total loss represents the
fractions of fertilizer that was unaccounted for in the loss tubes containing the forest floor
and 0 — 20cm of soil.

Forest Floor
ESN CUF NBPT UREA
Week 2 76.9 86.9 81.2 77.2
Week 4 53.0 71.3 71.9 80.6
Soil
ESN CUF NBPT UREA
Week 2 0.80 2.5 2.2 2.7
Week 4 2.0 2.6 2.7 2.6
Total Loss
ESN CUF NBPT UREA
Week 2 21.9 10.6 16.1 194
Week 4 42.1 26.1 27.7 25.9

Table 2.3: Mean fertilizer recovered (% of fertilizer application) in the forest floor and
soil (0-20cm) across the five study sites. The total loss represents the fractions of
fertilizer that was unaccounted for in the loss tubes containing the forest floor and 0 —

20cm of soil.

Forest Floor

Adnal | Clark Creek Les Smith Mill Creek Oppelt Rd.
Week 2 | 96.6° NA 86.0 69.0° 81.7
Week 4 | 80.6* 83.1Y 46.5"Y 55.0 71.8

Soil

Adnal | Clark Creek Les Smith Mill Creek Oppelt Rd.
Week 2 | 0.50° NA 0.32° 6.93b¢ 0.47°¢
Week 4 | 0.78% 1.2% 0.26Y 8.3wz 0.447

Total Loss

Adnal | Clark Creek Les Smith Mill Creek Oppelt Rd.
Week 2 3.1 NA 13.5 24.2 17.8
Week 4 18.9 15.7* 51.5% 36.7 27.8
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2.4.1 Differences between treatments

At both the 2-week and 4-week sample points, there no significant differences in N
recovery between treatment types (i.e. ESN, CUF, NBPT, UREA) for either the forest
floor or the soil samples (Table 2.2, Figure 2.4). None of the Enhanced Efficiency
Fertilizer (EEF) treatments improved N recovery over the standard unformulated urea
treatment. At the end of the 4-weeks, the plots fertilizer with unformulated urea had the
lowest N loss of the four treatments with 25.9% of the applied fertilizer unaccounted for
compared to 42.1%, 26.1%, and 27.7% for ESN, CUF, and NBPT respectively. However,
these differences were not statistically significant. The forest floor was the largest source
of recovered N fertilizer at both the two and four-week sample points. As the forest floor
pool declined with time, the mineral soil showed a small increase in the proportion of
fertilizer N recovered (Figure 2.4). The increase in the soil fertilizer pools however does
not offset the losses in the forest floor pool as the amount of unaccounted for N increased
significantly at both the two and four week sample points (Figure 2.5). No significant

differences in N recovery were observed between treatment types.
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Figure 2.4: Forest floor and mineral soil fertilizer recovery at 0, 2, and 4 weeks

subdivided by treatment types.
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Figure 2.5: Total unaccounted-for fertilizer (i.e. losses) for weeks 0, 2, and 4 subdivided
by treatment type.

2.4.2 Differences between sites

Significant differences in N recovery emerge when the data are partitioned by site as
opposed to treatment type (Table 2.3, Figure 2.6). At week-2 Adna 1 had a mean
fertilizer recovery rate of 96.6% in the forest floor which was significantly higher than
the recovery at Mill Creek which only had 69.0% recovery in the forest floor. Both Les
Smith and Oppelt Rd. with mean forest floor recovery rates of 86.0% and 81.7%
respectively, were not significantly different from either Adna 1 or Mill Creek. Soil N
recovery at week two was significantly higher at Mill Creek which had the lowest forest
floor N recovery. (Table 2.3, Figure 2.6). However, with regards to total N losses, Mill
Creek did not have significantly higher losses compared to any of the other sites at either

the 2-week or 4-week sample points. The highest losses with a mean of 51.5% of the
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applied N unaccounted for at the end of 4-weeks were recorded at Les Smith (Table 2.4,
Figure 2.7). Les Smith had the lowest recovery rates in both the soil and forest floor
pools with only 46.5% and 0.26% of the fertilizer recovered in the forest floor and soil
pools at 4-weeks. Losses at Les Smith were only significantly higher than the losses at
Clark Creek which had the lowest loss rate with only 15.7% of the applied N
unaccounted for at the end of the 4-week sample period. Soil moisture was recorded
during the four week study period. Mill Creek had the highest rainfall with 358mm, Les
Smith 52mm, Clark Creek 42mm, Adna 1 10mm, and no rainfall was recorded at Oppelt
Rd during this time. Mean soil temperatures at Scm depth were 6.3, 4.2, -0.2, 4.9, and

4.2°C at Mill Creek, Les Smith, Clark Creek, Adna 1, and Oppelt Rd respectively.
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Figure 2.6: Fertilizer recovered in forest floor and mineral soil (0 - 20cm) at weeks 0, 2,
and 4 across the five study sites.
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Figure 2.7: Total unaccounted-for fertilizer (i.e. N loss) at weeks 0, 2, and 4 at each of
the five study sites.

2.5 Discussion

When urea based fertilizers are applied to the soil surface, urea can undergo hydrolysis
resulting in the formation of NH3(eas) which is then lost from the system. To limit losses of
the applied fertilizers to volatilization, several methods are employed. One approach is to
apply the urea prior to rainfall because the water will react with NH3 to produce NH4"
which is a plant available N source (Black et al. 1987; Kissel et al. 2004) that can be
retain on the soil cation exchange capacity. Alternatively, a wet soil surface may increase
the rate that urea is hydrolyzed thus increasing the rate of ammonia loss to volatilization
(Freney et al. 1992). A second approach is the use of EEFs designed to release the urea

when conditions are optimal for rapid incorporation into the soil and maximum plant
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uptake, or urea granules formulated with urease inhibitors which slows the hydrolysis
reaction thus increasing the time for plants to consume the available N (AAPFCO, 2013).
Given that fertilizer application rates that are half of what our study used (224kg/ha) can
result in substantial N losses (Salazar et al. 2012), N losses were expected to occur
following fertilization at our sites. With the purported benefits in N use efficiency with
the application of EEFs, we also expected the plots treated with ESN, NBPT, or CUF

type fertilizers to have lower N losses compared to the unformulated urea treated plots.

Result from this 4-week study however, revealed no difference in N retention in the
forest floor or upper 20cm of soil with the application of EEFs compared to the
unformulated urea fertilizer. The 30.2% of the applied fertilizer lost after 4-weeks is
consistent with results from other studies with losses of up to 40% recorded after a 4-
week time span (Cabrera et al. 2010). Across our range of field sites in Oregon and
Washington, N recovery at both 2-weeks and 4-weeks is driven by site properties as
opposed to fertilizer treatment type. Finally, substantial N losses occurred in just the first
4-weeks after the fertilizer was applied which raises questions about the fate of the
missing N, the mechanisms of N loss, and the efficiency of fertilizer applications at these

sites.

2.5.1 Use of Enhanced Efficiency Fertilizers

With no significant differences in N recovery between plots fertilized with the EEFs

compared to the unformulated urea fertilizer, our results suggest that the benefits of EEFs
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cannot be generalized to the region as a whole, at least when fertilizer is applied under
the conditions of this study. The particular EEFs used in our study are designed to
decrease volatile losses of NH3 through two different mechanisms; ESN via polymer
coatings around the urea and urease inhibitors combined added to the urea granules in
both NBPT and CUF. The use of EEFs as a management approach to improving nitrogen
use efficiency assumes that volatile losses at a site are a substantial loss pathway for the
applied N fertilizer. The failure of the EEFs in our study to increase N recovery rates
relative to plots fertilized with the unformulated urea could be the result of either low
volatile losses at these sites, in which case the added urease inhibitors or polymer
coatings would yield little to no increase in final recovery rates. However, if substantial
losses of N at both week-2 and week-4 are actually due to volatilization then it is possible
that the EEFs do not function as intended under the particular environmental conditions
found at these forested sites. Other studies that have examined the effectiveness of EEFs
have produced mixed results across a wide range of agricultural plots (Akiyama et al.
2010; Halvorson et al. 2010; Halvorson et al. 2014; Kibet et al. 2016). The benefits of
EEF use appears to be site specific based on environmental properties such as soil type
and climatic conditions (Akiyama et al. 2010; Kissel et al. 2004; Sommer et al. 2004;

Cabrera et al. 2010).

2.5.2 Influences of site properties on N retention

Differences in N recovery rates emerged when the data were partitioned by site as

opposed to fertilizer treatment across the region. Clark Creek had the lowest rates of N
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loss after 4-weeks with just 15.7% of the applied N unaccounted for. In contrast, the Les
Smith site had the highest rates of N loss with nearly half (51.5%) of the applied N lost
by week 4. During the study period the Clark Creek soil had a mean temperature just
below freezing (-0.2 °C). Soil temperature and volatilization rates are positively
correlated with volatile losses of N (Cabrera et al. 2010). Additionally, the frozen ground
may have inhibited the hydrolysis of urea and also slowed the rates of microbial activity
responsible for assimilating N into the plant available soil pool. Enzymatic nutrient
uptake processes are also slowed with low soil temperatures (Thomas and Strain, 1991).
The two sites with the highest precipitation rates during the study period were also the
two sites with the highest N losses. Mill Creek had the highest rainfall at 358mm which
may explain why this site was the only one that had substantial N recovery in the soil
pool after 4-week. With a mean of 8.3% of N recovered in the soil pool it is possible that
some N was lost through leaching. Les Smith which had the highest N losses (although
only significantly different from the lowest N loss site, Clark Creek) had the second
highest rainfall of the five sites, after Mill Creek. Rainfall after fertilization with urea can
increase the hydrolysis of urea to NH3 (Kissel et al. 2004). If the rainfall is not
sufficiently high enough to carry the products of the hydrolysis reaction into the soil

where it is available to plants as NH4" it will be lost to the atmosphere as NH3(gas).

2.5.3 Fertilizer losses and the fate of missing N

The productivity of forests in western Douglas-fir region of Oregon and Washington is

generally limited with respect to N. Our results suggest that N losses can still occur
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despite the application of N fertilizer to otherwise N limited sites. Nitrogen losses from
N-limited sites suggests that saturation and losses can occur when fertilizer is applied at a
rate exceeding the rate at which plants and microbes can immobilize the nutrients in their
respective biomass (Lovett and Goodale, 2011). Since the loss chambers in our study
essentially cut off root access from the sides of the chambers, the losses we measured,
particularly from Mill Creek which had 8.3% N recovery in the soil, may have been at the
high end for these particular sites. With N retention at a site correlated with the strength
of the N uptake pathways into roots and thus plants pools (Lovett and Goodale, 2011),
higher losses to leaching, volatilization, and denitrification could be expected. Recovery
in the soil pool across sites and treatments was low after 4-weeks with a mean of only
2.5% of the N recovered from the soil. This would suggest that leaching losses were low
during this time period and that the unaccounted-for N can be attributed to gaseous losses
of N. Two loss pathways that could therefore produce these losses are either
denitrification or volatilization and a combination of the two. The challenge is that
without direct measurements we are unable to quantify the partitioning of N to these two

loss pathways.

2.5.4 Conclusions

Regardless of whether the N losses from the forest floor are attributed to denitrification or

volatilization, we were able to conclude that the use of EEFs did not improve N recovery

rates across our study sites in the western Douglas-fir Region of Oregon and Washington.

N recovery was attributed to environmental conditions that make up each site in our study
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as the only significant N recovery differences were observed when the data were
analyzed by site. The fertilizers were all applied in early spring when conditions are
optimal for limiting volatile losses. While temperatures are still cool and rainfall is high
enough to wash the urea hydrolysis products into the soil where it becomes accessible to
plants, the benefits of EEFs are not pronounced. Because these EEFs delay the
hydrolysis of urea to times when conditions are optimal for plant uptake, we would
expect there to be a greater advantage to their application in the warm dry months when
volatile losses of applied fertilizers would be high (warm, dry weather). Further research
is however needed to determine if EEF use maybe warranted for a summer fertilizer
application at these sites. In a similar study in loblolly pine forests of the southeastern
United States, which used the same treatments and experimental design, fertilizer-N
recovery was higher (Raymond et al. 2016) than when the same treatments are applied to
the plantation forests in the western Douglas-fir region of Oregon and Washington. The
particular EEFs used in both studies were formulated specifically for the southeastern
United States. This is especially relevant for the polymer coated EEF (ESN) as the
polymer coating breaks down when exposed to water, higher temperatures, and solar
radiation (AAFPCO, 2013). Douglas-fir forests have dense canopies with very little
sunlight penetrating the canopies and hitting the forest floor relative to loblolly pine
stands which are more open and their forest floors sunlit. With site conditions the greatest
driver of short term N recovery, management decisions regarding the efficient application
and use of fertilizers need to be geographically customized at the site scale as opposed to

region wide.
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2.5.6 Limitations and assumptions

With only one of each treatment type applied per study area we lack the statistical power
to determine if any particular treatment improves N use efficiency at given site. The
variable response in terms of N recovery with EEFs compared to the unformulated urea
across sites suggests that environmental conditions dictate how much N is retained in the
ecosystem. Unfortunately, given the limited sample size I was only able to determine
that the aggregate of environmental conditions that comprise each sife best predict N
recovery as opposed to being able to determine which fertilizers are best suited for
improved N use efficiency at each site. Additionally, given the study design, I was not
able to partition the N loss pathways that account for the missing N. With only a small
quantity of N recovered in the soil after 4-weeks it is possible to infer that leaching is
unlikely a substantial loss pathway during this short time frame. This leaves gaseous
losses of N as the likely cause of the N loss but we cannot quantify the relative size of the
flux pathways for volatilization or denitrification without measuring N2O and NH3 fluxes

directly.
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Chapter 3

Less than 50% nitrogen retention under high N additions after
1-year in Douglas-fir forests

Abstract

In Pacific Northwest forests, N is known to be a limiting nutrient particularly in Douglas-
fir (Pseudotsuga menziesii) ecosystems. Fertilizers are applied in order to increase timber
yields in managed commercial forests in Oregon and Washington. Despite these N
limitations, Douglas-fir uptake of the applied fertilizers is typically low and highly
variable depending on the location of the forest. The highest rates of uptake have been
found to occur in the first year after fertilization. We measured N retention within this
time frame at five sites using a fertilizer enriched in '°N as a tracer. Retention was
determined as the proportion of applied fertilizer accounted for in ecosystem pools after
one year. The pools include mineral soil (0-60cm), forest floor, bole wood, bark, and
foliage. Comparisons were also made between three urea based enhanced efficiency
fertilizers (EEFs) and the industry standard urea fertilizer. Retention was low across all
sites and fertilizer types with a mean of 39.0% after 1-year. The remaining N could not
be accounted for in the pools we sampled. The largest fertilizer pool was the top 20cm of

mineral soil. No differences were found between EEFs and the standard urea fertilizer.
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3.1 Introduction

In Pacific Northwest forests, N is known to be a limiting nutrient, particularly in
Douglas-fir (Pseudotsuga menziesii) ecosystems (Gessel et al. 1973). Nutrient limitations
occur when the potential uptake by plants exceeds the available soil nutrient supply
(Allen et al. 1990). Theoretically, N fertilization in these forests as a deliberate land
management practice should ameliorate these deficiencies and increase tree growth (Fenn
et al. 1998; Fisher and Binkley, 2012; Chapin et al. 2002). However, previous research
has produced mixed results (Peterson and Gessel, 1984; Talbert and Marshall, 2005;
Jandl et al. 2007). Despite increases in Nr emissions either from deliberate fertilization or
Nr deposition, the productivity of many forests is still limited by the availability of N, an
essential plant nutrient (LeBauer and Treseder, 2008). Of the total N applied, only
between 12-43% is ever accounted for in the above ground biomass (Amponsah et al.
2004; Salifu and Timmer, 2003). This contrasts with more controlled greenhouse pot
studies where 88-95% of the fertilizer is accounted for in the above ground biomass
(Amponsah et al. 2004). The fate of the remaining N is largely unknown. Quantifying
the fate of this missing N is essential to determine the environmental site conditions that
best predict N retention and uptake in the western Douglas-fir region of Oregon and

Washington.

With the demand for forest products exceeding the current and projected supply,

intensively managed bioenergy plantations with rapid turnover may be a sustainable

practice to meet the needs for additional raw material. In Washington, the efficient and
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rapid growth rates of high quality Douglas-fir make the state one of the country’s leading
suppliers of timber products (DNR, 2012). In the Pacific Northwest, fertilization is a
common practice meant to increase tree growth and productivity in plantation forests.
Since 1990, an estimated 250,000 acres of Pacific Northwest Coast Douglas-fir plantation
forests have been fertilized (Sucre et al. 2008). Previous research highlights the benefits
of N fertilization, showing increased tree growth when applied to low productivity
Douglas-fir sites (Miller et al. 1989; Chappell et al. 1991). Talbert and Marshall (2005)
suggest that intensive management with repeated N fertilization increases the average site
productivity from 13 m? ha™! yr'! to between 17 and 20 m? ha™! yr-!. However, other
studies have produced less optimistic results. Peterson and Gessel (1984) found a change
in the volume of Douglas-fir stands ranging from -5.5 to +13.1 m® ha™! yr! when
compared to control sites six years after fertilization. Theoretically, N fertilization should
increase tree growth, but the variability in past results suggests a need for further research
to determine why some sites respond with increased productivity to fertilizer applications

while others do not.

Variable response to N fertilization is attributed to differences in environmental site
conditions. Environmental site conditions that are positively correlated with growth
response to fertilization include forest floor carbon (C) to N (C/N) ratios (Edmonds and
Hsiang, 1987; Littke et al. 2014), pre-fertilization soil N concentrations (Hopmans and
Chappell, 1994), and foliar N concentrations (Turner et al. 1988). One of the major
uncertainties in our understanding of ecosystem response to N deposition is the fate of

approximately 30-40% of N inputs (Morse et al. 2015). However, direct field
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measurements of these losses are complicated by large background levels of N2 in the
atmosphere and the high temporal and spatial variability in the processes that dictate
gaseous losses of N (Bai et al. 2012). Quantification of the pools in which fertilizer N
accumulates across a range of site conditions is an important part of understanding this

variability in growth response to fertilizer treatments.

Enhanced Efficiency Fertilizers (EEFs) are a common management tool employed to
limit N losses following fertilization of agroecosystems. Fertilizers are commonly
applied in excess of plant demand to maximize gains in productivity (Watts et al. 2015).
N applied in excess of plant demand can result in short-term saturation of an otherwise
N-limited site (Lovett and Goodale, 2011). This kinetic saturation results in the loss of N
through increased volatilization, denitrification, or leaching (Lovett and Goodale, 2011).
Urea based EFFs are designed to decrease N losses by coordinating the release of
fertilizer N with plant demand. Several mechanisms are used in theses fertilizers to
theoretically decrease losses of N. Controlled release EEFs work by delaying the plant
availability of N through the use of coatings (Trenkel, 2010). Urease inhibitors slow
hydrolysis by blocking the active site on urease, the enzyme catalyst that converts urea to
CO2 and ammonia which is readily available in forest soils (AAFPCO, 2015; Bremner
and Douglas, 1971; Sanz-Cobena et al. 2008. The benefits in terms of N use efficiency
are however unclear. Research comparing N losses with the application of EEFs to
standard unformulated urea fertilizers in agricultural plots have produced mixed results
with some studies showing decreased losses of N with EEF use (Akiyama et al. 2010;

Halvorson et al. 2014) while other studies show an increase or no difference in losses
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with EEF use (Sistani et al. 2011; Watts et al. 2015). Most of the research comparing
EEFs to unformulated urea fertilizers are from studies in food agroecosystems as opposed

to agroforestry systems where there is a paucity of research on the topic.

Forest soils contain large amounts of N relative to the size of typical fertilizer
applications, with ranges in the Pacific Northwest typically reported between 2 and 11
Mg ha'! (Fisher and Binkley, 2012). Additionally, the variability of soil N concentrations
within forested sites is high relative to the amount of N that is added through fertilization.
Across the Western Douglas-fir region, soil N contents vary between low and high
productivity plots. At the low end in productivity soil N concentrations have been
measured at 1,330 (+80) kg ha'!. In contrast, the soil N content is 2,810 (+250) kg N ha™!
for high productivity sites near Fall River, WA (Ares et al. 2007). The amount of
fertilizer N that is applied to plantation forests is usually equal to or less than 224kg ha!,
and in the case of atmospheric deposition is estimated between 1-9 kg ha'yr! (Geiser et
al. 2010). These additions are small relative to the variability and overall quantity of N in
forested ecosystems. Consequently, it is difficult to account for changes in the N pools of
forested ecosystems by using a simple mass balance approach or by using changes in tree

growth rates as a proxy for N retention.

The objective of this study is to quantify N retention and redistribution within the mineral
soil, forest floor, bole wood, and foliage of commercially managed Douglas-fir forests in
Oregon and Washington, one year after fertilization. We compare the distribution of

retained N for three commonly used urea based enhanced efficiency fertilizers (EEFs)
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and the industry standard urea fertilizer to determine if N retention and distribution is
altered with the addition of fertilizers containing adjuvants designed to decrease volatile
losses following fertilizer application. A N-fertilizer enriched in the stable isotope '°N is
used to trace the movement of N between ecosystem pools (Buchmann et al. 1996;
Templer et al. 2005). Management for both timber productivity and ecosystem health
requires a greater accounting of applied N, particularly its partitioning between
ecosystem components (i.e. soil and tree biomass pools) and determination of the site

conditions that best predict retention in the various N pools.

3.2 Study Area

This project is comprised of 5 study sites in the Western Douglas-fir region of Oregon
and Washington (Figure 3.1). The study sites are all 25-years old, previously unfertilized
stands, within privately managed plantation forests. The sites were selected to include a
representative range of parent materials and latitudes of Douglas-fir plantation forests in
the region. The three primary parent materials are of glacial, volcanic, and sedimentary
origin. Douglas-fir is the widest ranging tree species on the west side of the Cascade
mountains (Brubaker et al. 1992). It is an important crop species as the production of the
high-quality Douglas-fir tree that make Washington state one of the country’s leading

suppliers of timber products (DNR, 2012).

This research benefits from the infrastructure already in place from a much larger

fertilization project with 73 field sites extending from southern Oregon, north through
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British Columbia. The purpose of the larger study is to determine the environmental
conditions and geographic variables that best predict a stand’s growth response to
fertilizer applications (Littke et al. 2014). The set up and installation of this larger project
was initiated through the Center for Advanced Forestry Systems (CAFS), which is a
National Science Foundation Industry and University Cooperative Research Center.

With support from CAFS, a subset of the 73 sites were selected for inclusion in this >N
fertilizer tracer study. From north to south the five sites included in our study are Mill
Creek, Oppelt Rd, Adna 1, Les smith, and Clarks Creek respectively (Figure 3.1).

The region has a maritime Mediterranean climate with mild wet winters and warm dry

summers, an ideal growing condition for highly productive conifer forests.
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Figure 3.1: Locations of the five study sites in the Western Douglas-fir Region of
Oregon and Washington.

3.2.1 Mill Creek

The Mill Creek soils are loams (0-5cm depth) and sandy loams (50cm depth) whose
parent material is of glacial outwash origin. Of the five sites, Mill Creek has the lowest
soil N concentration with 7243 Mg ha!. Mean annual soil moisture at Mill Creek is 0.34
cm/cm? in the surface horizon (5¢cm depth) and 0.16 cm/cm? at 50cm depth. The site is
situated at 46m above sea level and has a 0% slope. Plotting density is 809 tree ha™.

C/N of the forest floor is 20 and the soil A horizon has a C/N of 25.
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3.2.2 Oppelt Rd

Located to the southwest of Mill Creek, the Oppelt Rd site has a similar glacial outwash
parent material. Oppelt Rd has the highest soil N concentration of the five sites at
10796Mg ha'!. Soil textures are clay loam at 5cm and transitions to a sandy clay loam at
50cm depth. Mean annual soil moisture at this site is higher than Mill Creek with a mean
0f 0.33 cm/cm? at 5cm depth. At 50cm the soil moisture is 0.29 cm/cm?. The site has a
10% slope and is situated at 91m above sea level. Planting density is 820 trees ha™!. C/N

of the forest floor is 20 and the soil A horizon is 18.

3.2.3 Adna 1

The Adna 1 site has a sedimentary parent material. The soil texture at both Scm and
50cm depth is clay. The total soil N concentration is 9583Mg ha™'. Forest floor C/N is 23
while soil C/N is 17. Mean annual soil moisture increases slightly with depth at this site.
At 5¢m depth soil moisture is 0.26 cm/cm?® and at 50cm soil moisture is 0.28 cm/cm’.
The site is located at 213m elevation with a 0% slope. Planting density at Adna 1 is

higher than the other four sites at 981 trees ha-!.

3.2.4 Les Smith

The Les Smith site is located in Oregon. This site has an igneous parent material. Soil

texture is a silty clay loam at Scm depth and clay loam at 50cm depth. Total soil N
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content is 9039Mg ha!. Forest floor C/N is highest here relative to the other four study
sites with a forest floor C/N of 40 while soil C/N is 24. Mean annual soil moisture at
5cms depth is 0.30 cm/cm?® and increases to 0.36 cm/cm?® at 50cm depth. The site, located

at 451m elevation has a 14% slope. Planting density is 805trees ha™!.

3.2.5 Clark Creek

Clark Creek, the southernmost site, is located in Oregon. The parent material here is of
igneous origin. The soil at Scms depth has a loam texture while at 50cm depth the texture
is a clay loam. Total soil N content at Clark Creek is 8646 Mg ha™!. Forest floor C/N of
60 is the highest of the five sites in our study. Soil C/N is 28. Mean annual soil moisture
is 0.26 cm/cm? at 5cm depth and increases slightly to 0.28 cm/cm? at 50cm. The
elevation is at 793m and the site has a 15% slope. A planting density of 769 trees ha™ is

the lowest of the five sites.

3.3 Methods

3.3.1 Fertilizer treatments

To trace the fate of applied N in the ecosystem, four different >N-labelled urea based
fertilizers were used. The fertilizers were enriched to 0.5atom% "N (~370%00'°N).
Enrichment to 0.5atom% >N is expected to be sufficiently high to register a signal in the
various N pools even if fractionation occurs as the fertilizer-N moves through the soil and

into the trees. By using a fertilizer enriched with the stable isotope '°N, the applied
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fertilizer may be traced as it moves between N pools within the study plots. The four
fertilizers used were 1) urea, 2) Agrium ESN, 3) urea + NBPT, and 4) Urea+CuF (Table
3.1). Urea without any enhancements is the industry standard fertilizer while ESN,
NBPT, and CUF each contain a different adjuvant designed to decrease volatile losses
and improve nitrogen use efficiency (Table 3.1). The use of EEFs in agroforestry
management assumes that volatilization is a substantial loss pathway and that additional

N retained in the soil as a result of their use is available to plants.

Table 3.2: Summary of the four fertilizer treatments applied at each of the 10 study sites.

Fertilizer | Description Mechanism

Volatilization loss
Urea Industry standard | controlled via timing
of application

Delays hydrolysis of
urea for 60-90 days;

ESN Polymer coated .
. release of urea is
(Agrium) urea .
temp. and moisture
dependent
Coated with Slows hydrolysis by
Urea+ . . .
N-(n-butyl) blocking active site
NBPT . .
. thiophosphoric on urease for 7-21
(Agrotain) S
triamide days
Granular urea pellets
coated with boron
Urea+CuF Coated with solut!on.- a?cts as both
(Arborite) T an inhibitor and a
binder for additional
nutrient layer (PO,)
- No fertilizer
Unfertilized | 1e4 within the N/A
Control

100m? boundary
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3.3.2 Experimental design

A complete randomized block design was used where each site (Figure 3.1) is a replicate
that includes five treatment plots. Each plot consists of a target tree at the center of a
100m? fertilized treatment area (Figure 3.2). The five plots were treated with 1°N-
enriched Urea, Agrium ESN, Urea + NBPT, or Urea + CUF type fertilizer at a rate of

224kg N ha'!. The remaining plot was an unfertilized control.

The five study sites were fertilized in March of 2012. The ecosystem components
sampled within each plot boundary included the forest floor, mineral soil (0-60cm in 15
cm increments), bark, bole, foliage, and understory vegetation (Figure 3.2). Samples of
all these ecosystem components were collected prior to fertilization to form a baseline for
comparison. They were again sampled one year after the fertilizer application. All
samples were collected from within the 100m? fertilized boundary around each target
tree. All the trees within the plot boundaries had their diameter at breast height (DBH)
measured before and after fertilization. The air-dried mineral soil was then sieved to
<2mm. Large organic pieces were removed from the sample during sieving and weighed.
This organic component was then ground in a Wiley mill and added back to the <2mm
component. The mixture was blended so that uniform subsamples could be collected.
Each subsample contained approximately 20g of soil and was ground to a fine powder
with a mortar and pestle. A small subset of the powdered sample was then weighed and
tinned for isotope analysis. Sub samples of individual forest floor, foliage, bark, and bole

wood samples were each ground to a fine powder using a ball mill and then weighed and
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tinned for isotope analysis. The individual samples were analyzed for their %N and §'°N.
Samples were analyzed by UC Davis Isotope Lab using a PDZ Europa ANCA-GSL

elemental analyzer interfaced with a PDZ Europa 20-20 isotope mass spectrometer.

The proportion of 1N tracer (i.e. fertilizer) recovered within each pool is calculated using
Equation 3.1. An allometric equation was used to scale the fertilizer pools from the
individual foliage, bark, and bole samples up to the entire tree. The allometric equation
(Equation 3.2) used in this study was developed by Gholz et al. (1979). The equation
describes the relationship between diameter at breast height (DBH) of Pacific Northwest
Douglas-fir trees and their foliage, stem wood, stem bark, live branches, and dead
branches in units of kg. Using %N, atom% !°N of the sample, and total N in each
ecosystem component relative to the control plot provides a best estimate of the total
amount of fertilizer retained in each ecosystem pool. The %N and 3!°N of each sample
was converted to fertilizer recovered (i.e. fertilizer recovery) using Equation 3.1. The R

code used for these calculations is available in Appendix 1.
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Figure 3.2: Layout of a single treatment plot.

[Equation 3.1]

%12Nree = 100 * Mpoo® (@tom% 15N o0 — atom%1°N,e)/100

15 Ntracer

%" Nrec = percent of applied '°N tracer recovered in labeled N pool
Mmpool = N mass of labeled pool

atom % ""Nref = atom percent N of the reference pools

atom % ""Npool = atom percent SN of the ecosystem pools

SNiracer = amount of N added to each pools

Equations based on calculations described by Buchmann et al. 1996; Templer et al. 2005

[Equation 3.2] Y=e@+b*InX)
a and b are constants

X =DBH (cm)

Y = biomass

From (Gholz et al. 1979)
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3.3.3 Statistical Analyses

Differences in N recovery among sites and fertilizer treatments were assessed with an
ANOVA and all statistical significance is assessed based on oo = 0.05. A Tukey’s HSD
test was then applied to determine which means were significantly different from each
other (oo = 0.05). A multiple linear regression analysis was used to determine which
environmental site conditions, if any, best predict N retention across the study sites. The
subset of predictor variables included in the final model were selected using a forward
step-wise approach. Expected relationships between environmental site conditions and
total ecosystem fertilizer N recovery are summarized in Table 3.2. All analyses were
conducted in R (R Statistical Program Version 3.0.1). The R functions used for
converting 8'°N to atom % !°N, the Gholz (1979) equation, and N retention calculator are

included in the appendix.
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Table 3.2: Ecosystem properties used as parameters in multivariate linear model
selection.

Parameter HVPothes.izedE
Correlation
Foliage
&N a
%N +31
ForestFloor
mlSN i
C/N +
%N +31
Soil
mlSN B
TotalIN% +g@
Total@T% +
A-HorizonZL/N )
Mineral®oili/N .
Ca+2 +
K* +
Mg+2 +
5cmBand% .
S5cmlay% +
50cmBand% .
50cmTlay% +

3.4 Results

3.4.1 Total N recovery

Total N recovery, one year after fertilization, averaged 39.0% across sites and fertilizer
treatment types. Total N recovery (sum of foliage, bark, bole, forest floor, and mineral
soil for a given plot) as a function of fertilizer treatment was not significant (p = 0.84).
Therefore, N recovery was not improved with EEFs relative to the standard urea fertilizer
(Table 3.3, Figure 3.3). As expected, N recovery was highly variable across sites and

treatments. Total N recovery ranges from a low of 29.6% to a high of 47.2% between

63



study sites, while N recovery for the four fertilizer treatments ranged from 34.3% for
CUF to 39.3% for NBPT (Table 3.3). Total N recovery was significantly different
between sites (p = 0.01). The Oppelt Road site had the highest 1-year N recovery rate of
47.2% while Les Smith and Clark Creek had the lowest N recovery rates of 29.6% and
30.0% respectively (Table 3.4, Figure 3.4). The N recovery at Oppelt Road was
significantly higher than both Les Smith (p =0.01) and Clark Creek (p = 0.02). Mill
Creek and Adna 1 had mean N recovery rates of 37.4% and 40.6% respectively but were
not significantly different from any of the other sites (i.e. Oppelt Road, Les Smith, or

Clark Creek).

Table 3.3: Mean N retention for each of the four fertilizers. Letters in superscript denote
significant difference (o = 0.05).

Fertilizer Total Above®Ground Belowd@round  Foliage Bole Forest@Floor MineralBoil
CUF 34.3 6.9 27.4 4.4 2.5 1.2 26.2
ESN 39.9 5.7 34.2 2.3 3.4 3.7 30.5
NBPT 39.3 14.7 24.6 9.4 53 1.2 23.4
UREA 38.4 12.2 26.2 7.0 5.2 1.6 24.6

Table 3.4: Mean N retention for the five study sites. Letters in superscript denote
significant difference (o = 0.05).

Fertilizer Total Above@round Below@round  Foliage Bole ForestFloor MineralBoil
LesBmith 29.6 12.3 17.3 7.9 4.4 2.0 15.3
Adnail 40.5 8.7 31.8 5.4 33 1.8 30.0
ClarkXreek? 30.0 5.8 24.2 3.1 2.7 2.3 21.9
MillTreek 40.4 15.6 24.8 9.2 6.4 2.0 22.8
OppeltRoad 47.3 6.8 40.5 3.3 3.5 1.5 39.0
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Figure 3.3: Total fertilizer retained in ecosystem under the four different treatment
types
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Figure 3.4: Total fertilizer recovered 1-year after fertilization at the five study sites

3.5.2 Above and below ground N recovery

Significantly more N was recovered in the below ground pools (combined forest floor
and mineral soil) relative to the above ground biomass pools (foliage and bole wood) (p <

0.000). A mean of 27.1% of the applied fertilizer was accounted for in the below ground
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pools while only 9.9% was accounted for in the above ground biomass pools one year
after fertilization. Below ground N recovery was not significantly different between
fertilizer treatment types (p = 0.07), so again EEFs did not significantly improve N
recovery relative to the unformulated urea fertilizer (Table 3.3). Just as with overall N
recovery, differences in below ground N recovery were driven largely by site conditions
rather than treatment type (p = 0.001). Below ground recovery was highest at Oppelt
Road (relative to Les Smith (p = 0.001), Mill Creek (p = 0.001), and Clark Creek (p =
0.04)). Les Smith had significantly lower N recovery compared to Adna 1 (p =0.01)
(Table 3.4). Recovery in the above ground pools was not improved with the use of EEFs
(p = 0.08), and unlike the below ground pools, above ground N recovery did not differ

between sites (p = 0.16) (Table 3.1, Figure 3.5).
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grouped by fertilizer treatment.

3.4.3 N retention by ecosystem component

Of the individual ecosystem pools sampled in this study (i.e. foliage, bole wood, forest
floor, and mineral soil), mineral soil contained the greatest proportion of retained N one-
year after fertilization (p <0.000) (Figure 3.6, Figure 3.7, Figure 3.8, and Figure 3.9).

Across sites, 24.9% of the applied N was recovered in the mineral soil (0-60cm depth).
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The highest proportion of recovered mineral soil N was retained in the upper 15c¢m of the
profile and recovery declines with depth (Figure 3.7). The upper 15cm has significantly
higher N recovery than each of the lower sampling depths. The 15 — 30cm sampling
depth has significantly higher N recovery than 45 — 60cm depth but not the 30 — 45 cm

(Figure 3.7).

N recovery in the foliage, bole wood, and forest floor components were not significantly
different from each other, accounting for 5.8%, 4.1%, and 1.9% of the total N applied
respectively (Figure 3.6). Foliar N recovery did not differ significantly across study sites
(Table 3.4, Figure 3.9). However, significantly higher N recovery was recorded in
foliage of plots fertilized with NBPT (9.2%) compared to plots fertilized with ESN
(2.3%) (Table 3.3, Figure 3.10). Bole wood N recovery did not differ across study areas
or between treatment plots (Figure 3.11 and 3.12). Fertilizer recovery in the forest floor
pool yielded the greatest variability between treatment plots. Plots fertilized with ESN
had the highest N recovery in the forest floor at 3.7% relative to the three other fertilizer
treatments where recovery was 1.2%, 1.2%, and 1.6% for CUF, NBPT, and Urea,

respectively (Table 3.3, Figure 3.13 and 3.14).
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Figure 3.6: N recovery by ecosystem type. The greatest portion of the applied fertilizer
was recovered in the mineral soil 1-year after fertilization.
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Figure 3.7: N recovery in mineral soil with depth. The highest proportion of fertilizer
recovery occurred in the top 0-15cm depth.
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Figure 3.8: Mineral soil N recovery by fertilizer type.
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Figure 3.9: Foliar N recovery 1-year after fertilization. Data are divided by site.
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Figure 3.10: Foliar N recovery 1-year after fertilization. Data are divided by fertilizer
treatment.
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Figure 3.11: Fertilizer recovery in bole wood 1-year after fertilization. Data are divided
by site.
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Figure 3.12: Fertilizer N recovery 1-year after fertilization. Comparing recovery in bole
wood by treatment type.
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Figure 3.13: Fertilizer recovery in the forest floor across the five study sites, 1-year after
fertilization.
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Figure 3.14: Fertilizer recovery in the forest floor across the treatment types, 1-year after
fertilization.

Parameters from the multiple linear regression that were significantly correlated (p<0.05)
with total N retention include forest floor 5'°N, soil C concentration, forest floor C/N, A
horizon C/N, and latitude. A forward stepwise approach to model selection using the
parameters summarized in Table 3.2 revealed that total 1-year N recovery across the five
sites in this study was best predicted by Site. The Site parameter is an amalgamation of
the different environmental properties that make up each individual study area. The
individual environmental properties of each site (Table 3.2) that were significant
predictive variables in the linear regression analysis included forest floor C/N, soil C/N
soil C, latitude, soil %Mg, A-horizon C/N, and forest floor 8'N. The inclusion of these
additional parameters to the linear model did not improve the model’s ability to predict

total ecosystem N recovery over Site.
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3.5 Discussion

The important results of this study are as follows. First, there was no significant
improvement in total N retention with the use of enhanced efficiency fertilizers compared
to the unformulated urea fertilizer. This suggests that volatilization is not a substantial
loss pathway at these sites, otherwise urea fertilized plots should have the lowest N
recovery rates of all the treatment types. While the differences between treatments were
not significant, it is possible that a difference in N recovery of 34.3% for CUF (the
lowest) up to 39.3% for NBPT (the highest) is ecologically significant in terms of forest
productivity, environmental health, and longer-term N budgets. Second, significant
differences in N recovery between sites as opposed to treatment type indicate that, as
expected, ecosystem properties are driving N retention. Third, only 39% of the applied N
was recovered with the largest proportion retained in the mineral soil as opposed to the

above ground vegetation pools.

3.5.1 Effects Enhanced Efficiency Fertilizers

The primary mechanisms of N losses from forested ecosystems include leaching of
nitrate, denitrification, and ammonia volatilization (Brady and Weil, 2008). Management
approaches to decreasing N losses include timing of fertilizer applications and the use of
EEFs. EEFs are used in place of conventional fertilizers to minimize volatile losses of
ammonia and nitrous oxide (AAPFCO, 2013). CUF and NBPT contain urease inhibitors

which slow the conversion of urea to NH4" which in turn reduces the concentrations of
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NHs in the soil, thus decreasing volatile losses of N (Watson et al. 2008; AAPFCO,
2013). Selecting EEFs such as NBPT, CUF, or ESN as a management approach to
increase N use efficiency assumes that volatile losses of N are a substantial loss pathway.
If volatilization of NH3 is a substantial loss pathway then the controlled release of N or
inhibition of urease enzymes should result in increased retention and ecosystem uptake of
the fertilizer (Motavalli et al. 2013). We expected to see higher one year N recovery for
the plots treated with EEFs because of their indicated ability to decrease volatile losses of
N. However, our results did not support the hypothesis of increased N recovery with
EEFs, which suggests that volatile losses of N may not be a substantial loss pathway at
these sites and therefore there is no benefit to the use of EEFs for improving N use
efficiency at our study sites. Because volatilization was not directly measured in this
study, we cannot confirm the percentage of unaccounted for N that is attributed to
volatile losses. It is also possible that volatilization does occur at these sites but the EEFs
are not sufficiently effective at inhibiting ammonia volatilization. Other studies have
produced mixed results with regards to N use efficiency and EEF use. The benefits of
EEFs in agricultural settings is shown to vary based on environmental properties (i.e. soil
and climate) and management practices (Akiyama et al. 2010). While the use of urease
inhibitors (i.e. the mechanism in CUF and NBPT treatments) to reduce gaseous N losses
has produced mixed results in other studies (Akiyama et al. 2010; Halvorson et al. 2010;
Halvorson et al. 2014), focused on N losses in the form of N2O (a potent greenhouse gas)
rather than N losses in the form of NH3. If EEFs were reducing N2O emissions at the
sites in our study we should see that as an increase in N recovery after one year, which

was not the case.
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The plots treated with unformulated urea (i.e. the conventional fertilizer treatment) have
the second highest total N recovery after one year. When retention is partitioned by
ecosystem pool, urea fertilized plots had the second highest retention in their above
ground, foliar, bole wood, and forest floor pools. However, the only significant
differences in N recovery by treatment were in the foliar and forest floor pools (Table
3.1). Foliar uptake was highest in the NBPT treated plots but only compared to ESN
which had the lowest foliar uptake. Above ground (i.e. bole wood and foliage) uptake of
ESN is lowest compared to all the treatments, but this difference was not significant.
When the above ground pools are further partitioned into bole wood and foliar pools,
ESN treated plots reveal low total N recovery. The difference in foliar uptake was
significantly lower for ESN treatments compared to foliage at plots treated with NBPT.
We attribute the low above ground recovery of ESN to the significantly higher N
recovery of ESN in the forest floor pools relative to all three other treatments. Of the
applied ESN fertilizer, 3.7% was recovered in the forest floor which is more than double
the amount recovered in the NBPT, CUF, and urea treated forest floors. When the sites
were sampled one year after fertilization, polymer coated beads of the ESN fertilizer were
still present in the forest floor. When the beads were opened, some still contained
fertilizer. The polymer coating is designed to dissolve and release the fertilizer when
conditions are optimal for the translocation of the N into the soil where it becomes
available for plant uptake. The undissolved polymer beads with fertilizer still inside are
likely a contributing factor in the additional N recovery in the forest floor at the ESN

treated sites.
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3.5.2 Ecosystem Controls on N Recovery

A forest’s capacity to retain N following N-fertilizer application varies geographically
due to differences in soil base cation saturation, climate, atmospheric N deposition, and
forest stand structure (Fenn et al. 2003). Nitrogen recovery after 1-year was highly
variable when the data are partitioned by study site, but no significant differences were
observed when partitioned by fertilizer treatment. Individual site characteristics are
therefore likely driving N recovery as opposed to the type of urea based fertilizer used.
Of the five sites studied, Oppelt Rd had the highest N recovery after 1 year with a mean
0of' 47.2%. The Oppelt Rd site also has the highest pre-fertilization total soil N content of
any of the five sites at 10796 Mg ha™! and also the lowest forest floor C/N ratio at 20.

Soil total N and forest floor C/N are two common indicators of a site’s capacity to retain
N (Edmonds and Hsiang, 1987; Littke et al. 2014; Hopmans and Chappell, 1994). Oppelt
Rd, with the highest fertilizer recovery rate, was the only site to yield significantly higher
I-year total N recovery. Results of the linear regression analysis were not particularly
revealing in that Site was the strongest predictor of N recovery after 1-year. When the
individual environmental properties of each site (Table 3.1) were partitioned out and used
as predictive variables in the linear regression analysis, forest floor C/N, soil C/N, soil C,
latitude, soil %Mg, A-horizon C/N, and forest floor 8'°N were also significant predictors
of total 1-year N recovery. These trends are consistent with previous research on the

environmental site conditions that correlate with N fertilizer response and retention
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(Edmonds and Hsiang, 1987; Littke et al. 2014; Hopmans and Chappell, 1994, Templer et

al. 2005).

3.5.3 N Recovery in Different Ecosystem Pools

Ecosystem N recovery in this study was comparable to the recovery rates obtained in
similar "N tracer studies (Salifu and Timmer, 2003; Amponsah et al. 2004; Templer et
al. 2005). Mean fertilizer N recovery across sites and treatments is 36.9%. Consistent
with other studies, the largest pool of retained fertilizer is the mineral soil (Templer et al.
2005). Les Smith has the lowest proportion of fertilizer N recovered in the mineral soil
with only 15.3% of the fertilizer accounted for in this pool after 1year. Mineral soil N
recovery at Les Smith is significantly lower than the site with the highest proportion of
fertilizer N recovery in the mineral soil pool, Adna 1 (30.0% recovered) and Oppelt Rd
(39.0% recovered). The Les Smith site is one of the two wettest sites which may have
contributed to the high N losses if urea hydrolysis proceeded without the fertilizer being
incorporated into the soil for plant uptake. Oppelt Rd has significantly higher N recovery
in its mineral soil pool relative to Mill Creek (22.8%), Clark Creek (21.9%), and Les
Smith (15.3%). Forest floor C/N ratios are used as predictors of an ecosystem’s capacity

to retain fertilizer applications (Edmonds and Hsiang, 1987, Littke et al. 2014).
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3.5.4 Conclusions

Future EEF use to improve N use efficiency at the five sites in our study is not warranted
as no significant differences in total 1-year N recovery or tree uptake of N were observed.
This suggests that volatile losses of N are not a substantial loss pathway at these sites.
The fertilizers were all applied in early spring when conditions are optimal for limiting
volatile losses. While temperatures are still cool and rainfall is high enough to wash the
urea hydrolysis products into the soil where it becomes accessible to plants, the benefits
of EEFs are not pronounced. Because these EEFs delay the hydrolysis of urea to times
when conditions are optimal for plant uptake, we would expect there to be a greater
advantage to their application in the warm dry months when volatile losses of applied
fertilizers would be high (warm, dry weather). Further research is however needed to
determine if EEF use maybe warranted for a summer fertilizer application at these sites.
Further research is however needed to determine if EEF use maybe warranted for a
summer fertilizer application at these sites. In a similar study in loblolly pine forests of
the southeastern United States, which used the same treatments and experimental design,
fertilizer-N recovery was higher (Raymond et al. 2016) than when the same treatments
are applied to the plantation forests in the western Douglas-fir region of Oregon and
Washington. The particular EEFs used in both studies were formulated specifically for
the southeastern United States. This is especially relevant for the polymer coated EEF
(ESN) as the polymer coating breaks down when exposed to water, higher temperatures,
and solar radiation (AAFPCO, 2013). Douglas-fir forests have dense canopies with very

little sunlight penetrating the canopies and hitting the forest floor relative to loblolly pine
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stands which are more open and their forest floors sunlit. The low N recovery after 1-year
but simultaneous increases in above ground biomass support a kinetic saturation model of
N loss where the ecosystem can continue to accumulate biomass with simultaneous
leaching and gaseous losses of N (Lovett and Goodale, 2011). This conclusion contrasts
with the commonly held assumption that fertilization of N limited sites, such as the ones
included on this study, should yield negligible losses of N and high recovery of the
applied fertilizer (Aber et al. 1998). Additionally, we conclude that management
decisions regarding fertilizer use efficiency and the benefits of fertilization with regards
to productivity need to be site specific due to the variable N recovery rates based on site
factors as opposed to fertilizer treatment type. Finally, despite differences in the size of
the mineral soil fertilizer pools the amount of N recovered in the above ground pools (i.e.
bole wood and foliage) were not significantly different despite differences in the size of
the soil N pools. This suggests that N uptake by the plants pools may have been at its
maximum, thus additional N in the soil pools would not make a difference in terms of
productivity over just one year. It remains to be seen what the longer-term impacts of the
fertilizer treatments are, as the sites with a larger reservoir of plant available N are

expected to maintain their growth rates for longer than the more limited site.

3.5.6 Limitations and Assumptions

An assumption and therefore possible limitation of this study is that total N recovery for
each plot represents the true N retained in the system after one year and that
unaccounted-for N is in fact lost from the system through the three dominant loss

mechanisms (i.e. leaching, denitrification, or volatilization). Nitrogen missing from our
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final N recovery calculations may have been taken up in understory vegetation or held in
the roots, both of which were not sampled and we are therefore unable to account for in
our estimate of N retention. However, since each site was sampled in the same way the
relative differences in N recovery between sites should still hold true. Additionally, we
assume that the small subsamples used for the isotopic analyses are indeed a
representative sample of each ecosystem component. This was accounted for by running
repeat samples to test for variability between samples of the same ecosystem component
for each site and treatment. Repeated sample runs did not yield significantly different
85N or N% between the same samples. With regards to the conclusion that volatilization
may not be a substantial loss pathway at these sites we are assuming that the EEFs
function as expected and therefore no difference in N recovery between treatment types
can be attributed to low volatile losses. If volatilization were high across the plots and
the EEFs substantially decrease volatile losses following fertilizer application, we would
expect to have measured substantially higher N recoveries in the EEF fertilized plots.
Finally, the Gholz (1979) allometric equation may under estimate the fertilizer pool
recovered in the foliar biomass. Some studies have shown that substantial growth
response in the stem wood of a fertilized tree is delayed beyond the first year after
fertilization (Blackmon, 1973). The allometric equation uses change in diameter at breast
height to estimate foliar biomass. Initial increases in foliar biomass without a
corresponding change in bole wood have been observed in other studies (Garrison et al.
2000; Amponsah et al. 2005). Therefore the Gholz (1979) allometric equation may
underestimate the foliar pool because it does not account for an increase in foliar growth

rates in the year proceeding fertilization.
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Chapter 4
Local alterations to the nitrogen cycle as indicated by soil, foliage, and tree-ring

total N and 3'°N: A case study in Shaanxi Province, China

Abstract

Monitoring of nitrogen (N) inputs to forested ecosystems in China has historically been
limited despite known negative effects that high N additions can have on environmental
and human health. To better understand terrestrial patterns of foliar, soil, and wood §'°N
relative to soil N concentrations (%N) in a heavily polluted region, two Chinese parasol
tree (Firmiana simplex) groves adjacent to a industrialized basin were examined on the
Loess Plateau, approximately 80km east of the city of Xi’an, Shaanxi Province, China.
The 8'°N values of ecosystem pools sampled in this study are substantially lower than
what is typically observed in temperate forests around the world. Results suggest greater
foliar uptake of N in the tree canopies bordering the industrialized basin compared to
trees located at the forest interior. N concentrations and §'°N of soil and plant tissue were
inversely correlated along this transect and indicate higher inputs of N from §'°N
depleted sources in the basin. Tree ring 3'°N values decline between 2003 and 2014

during a time of rapid development and expansion of the industry in the basin.

82



4.1 Introduction

China’s economic development over the past 30 years has led to rapid expansion of their
industrial and agricultural sectors, two of the major sources of reactive nitrogen (Nr)
emissions (Richter et al. 2005; Liu et al. 2013a). The negative consequences of increased
Nr deposition are substantial, having been linked to soil acidification (Yang et al. 2012;
Duan et al. 2013), eutrophication, decreases in biodiversity, and declines in human health
(Vitousek, 1997; Fenn et al. 2003). Understanding the spatial and temporal scale of Nr
pollution is necessary for monitoring its impacts as well as the outcomes of mitigation
efforts (Zhang et al. 2015). Nr deposition monitoring across China has however been
limited and large gaps in the geographic extent of monitoring programs still exist (Liu et
al. 2013b). Proxies for direct pollution monitoring, particularly in forested ecosystems,

are therefore necessary when historical records do not exist (Leonelli et al. 2012).

Forests near pollution sources can improve local air quality by serving as a sink for
atmospheric pollutants (Speak et al. 2012; Sabg et al. 2012; Nowak et al. 2013; Zhao et
al. 2017). A forest’s capacity to dictate the fate of pollutants is dependent on several
forest properties (i.e. stand structure, age, and species; Nizzetto et al. 2006; Sabg et al.
2012; Janhéll, 2015). When plants retain pollutants in their tissue they may serve as
effective bio-monitors for changing environmental conditions and for pollution
monitoring purposes. For example, plant tissue including tree rings and foliage, have
been used to monitor trace element inputs to ecosystems (Gratani et al. 2008). Tree rings
are especially well suited for historical reconstructions when annual growth rings retain

compounds absorbed during a given year (Padilla and Anderson, 2002). Due to the
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mobile nature of N within plants, the N concentration (% N) of tree ring tissue is not a
sufficiently sensitive bioindicator of ecosystem N status (Poulson et al. 1995; Sheppard
and Thompson 2000; Gerhart and McLauchlan, 2014). Alternatively, the natural
abundance stable isotopes of N (hereafter referred to as 3'°N) are increasingly used as
indicators of source, retention, and transformations of N compounds within ecosystems
(Rothstein et al. 1996; Dawson et al. 2002). As a record of N cycling status, §'°N of
ecosystem components can serve as an important proxy for N cycling in regions with
limited historical Nr monitoring programs (i.e East Asia). In addition to serving as a
proxy for ecosystem N inputs and cycling processes, measuring 3'°N is advantageous

because it is both simple and relatively inexpensive to measure.

The 85N of plant tissue (i.e. foliage and tree rings) reflect an integration of the dominant
fluxes of N into or out of the ecosystem (Pardo et al. 2006; Craine et al. 2009). Stable N
isotopes have previously been used to evaluate changes in N source and its incorporation
into plant tissue (Fang et al. 2011; Guerrieri et al. 2009; Savard et al. 2009). Current
research suggests that globally, soil and plant tissue 3'°N are positively correlated with N
inputs and subsequent leaching losses of N while varying across gradients in temperature
and precipitation (Pardo et al. 2002; Craine et al. 2015). Increases in §'°N of tree rings
have also been observed following changes in N source from one relatively depleted in
8!°N to one with higher §'°N and vice versa (Stewart et al. 2002; Guerrieri et al. 2009;

Fang et al. 2011).

Interpretations of ecosystem 8'°N, particularly for tree rings are however based almost

entirely on research in forests across North America, Europe, and South America where
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N is frequently the limiting nutrient with regards to net primary productivity and
atmospheric deposition is relatively low compared to China (Pardo et al. 2006; Craine et
al. 2009, Guerrieri et al. 2009; Templer et al. 2012). A more complete global synthesis of
tree ring 8'°N trends requires inclusion of data from understudied regions and sites
exposed to biogeochemical extremes in N deposition (Gerhart and McLauchlan, 2014).
Studies using the natural abundance 8'°N of foliage and soil in forested ecosystems
across China are currently not well represented in published literature (Fang et al. 2011;
Fang et al. 2013). Studies that include measurements of tree-ring 8!°N as a means for
reconstructing historical N cycles in China are few (Sun et al. 2010; Zeng et al. 2014).
Forested ecosystems in China are unique in that they exist on the extreme high end for Nr
deposition. The limited available data from Chinese forests exposed to high pollution
levels highlights the need for additional research because results from the limited number
of existing studies suggest that the local trends observed in heavily polluted Chinese
forests do not follow global patterns of foliar and soil 8'°N (Fang et al. 2011; Fang et al.
2013). For example, in East Asian forests exposed to high atmospheric deposition of N,
8!°N of foliage decreases with increasing soil and foliar N concentrations (Fang et al.
2011; Fang et al. 2013). Negative 8'°N values have been recorded in foliar samples
collected in both broadleaf and coniferous forests in southeastern China (Fang et al.
2011). The 8'N signatures of plant tissue in China are negatively correlated with
common indicators of N saturation status including N concentrations, carbon (C) to N
ratios (C/N) of soil and forest floor pools, as well as atmospheric N deposition (Fang et

al. 2013).
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The objective of our study is to determine if the natural abundance 8'°N signatures of soil
and plant pools (i.e foliage and tree rings) are a useful indicator of local differences in
ecosystem N status between two forested sites in a region exposed to high levels of
atmospheric N deposition. Additionally, we integrate tree-ring 8'>N records spanning a
12-year period to determine if the current relationships between N concentrations and
8!°N hold true for the previous decade. We analyze differences in N concentrations and
trends in 8'°N of tree-rings, foliage, and soil of a forest exposed to the N emissions of a
recently industrialized basin to test the following hypotheses: [1] Foliage and soil
sampled closest to an industrialized basin will have higher N concentrations and thus
higher 8'°N than samples collected from the forest interior 4km away, [2] Positive
correlations exist between soil N concentrations (%N) and 8'°N of foliage, soil, and tree
rings, [3] 8"°N of tree rings increases over time with the likely increase in N emissions as
the basin’s land use transitioned from predominantly farmland to factories and higher
density residential dwellings over the period of record for the sampled tree rings (1996 —
2014). Emission sources in the basin are predominantly from a N fertilizer factory,

vehicle exhaust, and coal burning.
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Figure 4.1: (A) Study area located on the Loess Plateau, 80km East of Xi’an and bordering. (B) Location of study
plots relative to the heavily industrialized basin.

4.2. Methods

4.2.1 Study Area

This study was conducted within a patchwork of forest and farmland on the Loess Plateau
approximately 80km east of the city of Xi’an, Shaanxi Province, China (Figure 4.1). The
region has a semi-arid climate with rains from the East Asian Monsoon falling mostly
during the hot summer months. Winters are typically cold and dry. Soil on the plateau is
deep, with loess deposits ranging from 30 to 250m (Xianmo et al. 1983). The fertile soils
of the Loess Plateau facilitate the region’s rich agricultural history. However, intensive
agricultural practices have led to severe erosion issues (Chen et al. 2007; Jiao et al. 2012).

As a means for reducing soil loss, aforestation efforts on the plateau started in the late
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1990’s and resulted in the expansion of forests across the region (Wang et al. 2009;
Bullock and King, 2011). The forested plots we sampled border an industrialized basin
surrounded by smaller villages. The basin has multiple sources of Nr including vehicle

exhaust, a fertilizer factory, coal burning, and agriculture.

4.2.2 Experimental Setup

In July of 2014, two sites were sampled, 1km (Site 4: 34.459994°N, 109.714204°E) and
4km (Site B: 34.459994°N, 109.714204°E) from the basin edge. Samples collected at Site
A are from a patchwork of forest along the southeastern edge of the basin. While
samples collected at Site B are from the forest interior, 4km further to the southeast. The
soil at these two sites are part of the Lou soil series (Xianmo et al. 1983). Elevation
increases from 535m to 750m between the two sites. Chinese parasol trees (Firmiana
simplex), a deciduous tree that can grow to a height of 16m (Miller et al. 2010), were
selected for this study because stands are ubiquitous throughout the area due to their use
as an ornamental species. The trees are young, ranging in age from 11 to 18 years.
Agricultural terraces are still visible at the forested sites we sampled. With much of the
area used for agriculture, the sites were selected to limit possible N inputs from fertilizer
and manure runoff upslope of the study plots. Additionally, we attempted to keep site
factors such as forest composition, slope, aspect, and soil type similar between the two

study sites.
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4.2.3 Sample Processing

Within the two sites, 6 Chinese Parasol trees were sampled. Foliage was collected from
the sunlit upper third of the canopy. Foliage samples were oven dried at 40°C. Dried
samples were ground with a Wiley-mill outfitted with a size 40 mesh. Four soil cores
were collected to a depth of 10cm in each cardinal direction, 1m from the base of each
tree. The four samples were consolidated to comprise the sample for that tree. Soil
samples were air dried and sieved to 2mm. The forest floor samples above each soil core
were consolidated to comprise a single forest floor sample per tree. A subset of each
foliage, soil, and forest floor sample was ground to a fine powder using a ball mill,

weighed, and then tinned for chemical analysis.

Three trees from each site were randomly selected for dendrochronological analysis.
Each tree was cored three times at an equal distance (i.e 120° degree spacing) from each
other around the trunk. Annual growth rings were identified under a microscope. The
rings were dated and cut at each annual growth interval. The cut tree rings were ground
in a ball mill and weighed into tin capsules for analysis. Raw ring wood was analyzed
rather than performing any extraction techniques to remove mobile N compounds. The
benefits of extraction are unclear and not indicated for natural abundance studies (Gerhart
and McLauchlan, 2014). The rings were analyzed in one-year increments. The years
covered in our study are 1996 — 2014. All isotope analyses were conducted using a
Costech elemental analyzer coupled to a Thermo MAT253 isotope ratio mass
spectrometer at the University of Washington Stable Isotope Laboratory (IsoLab), Seattle

WA.
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4.2.4 Statistical Analyses

We examined the possible relationships between %N, 6'°N, %C, C/N, and pH of soil,
%N, 89N, and 8'3C of foliage, and %N, 8'°N, and %C of forest floor samples at both
forested sites. With the tree rings we evaluated the temporal variability in 8'°N.
Pearson’s product moment was used to test for correlation between the measured
variables. An assumption that each group of parameters is normally distributed, a
requirement of the Pearson’s product movement, was tested using a Shapiro-Wilk test for
normality (p= 0.05). Determining whether significant differences exist between
ecosystem components or sites was assessed using an analysis of variance (ANOVA)
with o = 0.05. Tukey HSD test was then applied to determine which means were

significantly different from each other (o = 0.05).

4.3 Results

4.3.1 Soil

Soil sampled along the basin edge (Site A) has a mean N concentration of 0.17%. N
concentrations increase at the interior forest site with a mean of 0.27% (Table 4.1). Soil
pH is consistently alkaline across both sites (Table 4.2). As expected, soil N
concentrations are negatively correlated with soil pH (p = -0.68, p < 0.00) (Figure 4.2).
Soil pH is significantly higher at Site A (mean 7.9) where soil N concentrations are lower

relative to Site B that has higher soil N concentrations and a lower soil pH (7.6).
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Table 4.1: Mean N concentrations and §'°N for soil, forest floor, and foliage samples at
the two study sites (i.e Site A at the basin edge and Site B in the forest interior).
%NHorest? &' NHorest?

%NBoil 5 NBoil floor floor %NHoliage &' NHoliage
mean 0.17 -1.1 1.9 -8.5 3.4 -11.8
SitePA
s.d. 0.05 1.4 0.44 1.4 0.37 0.7
siteg MeN 0.28 1.62 1.6 -5.2 3.0 -4.6
s.d. 0.07 0.08 0.46 0.7 0.38 1.0

Table 4.2: Mean and standard deviation (s.d) for pH, carbon concentration (%), and C:N
ratios of the soil and the carbon concentration and 3'*C of the foliage samples at the two
study sites (i.e Site A at the basin edge and Site B in the forest interior).

pHBoil %CBoil C:NBoil  %CHoliage &"@oliage
Sitem mean 7.9 33 19.7 49.8 -27.9
s.d. 0.06 0.60 2.2 2.4 1.1
SitelB mean 7.6 3.0 10.6 49.0 -25.6
s.d. 0.11 0.84 0.42 3.5 0.56
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Figure 4.2: Scatter plots with regression lines showing the relationship
between soil nitrogen concentration (%N) and soil pH, soil 3'°N, foliar N, and
foliar 8'°N. The data and regression lines are plotted by site (i.e Site A along
the basin edge and Site B at the forest interior).

Soil carbon concentrations are not significantly different (p = 0.5) between Site A at the
basin edge and Site B in the forest interior (Table 4.2). Site A has a mean soil C
concentration of 3.3%, while Site B has a mean concentration of 3.0%. Soil C/N ratios
are low across sites (Table 4.2). Site A the soil C/N is significantly higher at 19.7

compared to Site B at the interior of the forest which has a C/N of 10.6 (p <0.00), a



Soil C:N

Figure 4.1: Scatter plots of the relationship between soil C:N and foliar !°N and soil
8!°N. The data points and regression lines are plotted by site.

Soil 815N values at Site A, along the basin edge average -1.1%o. Soil 8'°N is significantly
higher (p = 0.01) at Site B with a mean of 1.62%o. Soil N concentrations at Site A are
negatively correlated with soil §'°N (p =-0.89, p =0.01) (Figure 2.2). Site B, shows a
weak negative correlation between soil N and soil 8'°N (p = -0.41, p =0.42). Conversely,
soil N and soil 85N have a weak positive correlation (higher soil §!'°N with higher soil N
concentrations) when the samples from Site A and Site B are analyzed in aggregate (p =
0.36, p =0.24). Soil '°N and soil C/N are positively correlated along the basin edge at
Site A (p = 0.87, p =0.02). In contrast, at Site B soil §'°N and soil C/N have a weak

negative correlation (p = -0.48, p = 0.33) (Figure 4.3).
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4.3.2 Forest Floor

The forest floor (O; horizon) is less than 1cm thick at both sites and predominantly
composed of Chinese parasol tree leaf litter. The forest floor has a mean N concentration
of 1.9% at Site A while forest floor N concentrations are lower (1.6 %N) at Site B.
However, this difference is not significant (p = 0.24). The 3'°N of the forest floor is
negative for all samples across both study sites. Forest floor 8'°N at Site A is
significantly lower than at Site B with means of -8.5%o and -5.2%o respectively (p <0.00)
(Table 4.1). N concentrations of the forest floor are not significantly correlated with

forest floor 8'°N at either Site A (p =0.17, p=0.74) or Site B (p =-0.41, p = 0.42).

4.3.4 Foliage

Foliage sampled at Site A, the basin edge, has a mean N concentration of 3.4% (Table
2.1). Foliar N concentrations are lower at Site B with a mean of 3.0% (p = 0.12). All
foliar §'°N signatures are negative at both sites, however they are significantly lower
along the edge of the basin, Site A relative to the forest interior at Site B (p <0.000)
(Figure 4.2). Foliage at Site A has a mean 3'°N of -11.8%o (Table 4.1). Foliar §'°N is
higher with a mean of -4.6%o at Site B. Foliar §'°N and foliar N concentrations are not
significantly correlated within either Site A (p =0.37,p=0.47) or Site B (p=0.14,p=

0.78).
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Foliar 3'3C is lower (p =0.001) at Site A with a mean of -27.90%o0 compared to Site B that
has a mean of -25.64%o (Table 4.1). Foliar 3'3C and foliar §!°N are positively correlated
at Site A (p =0.90, p =0.02). At Site B, there is a weak but not significant positive

correlation between foliar §'3C and foliar 3'°N (p = 0.31, p = 0.56).
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Basin Development and Land Use Change
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Figure 4.4: Satellite imagery reveals rapid development of the basin with conversion of
farm land to industry, roads, and denser housing between 2006 and 2012, particularly in
the southeastern corner of the maps. The study sites are located directly south of the area
featured in the satellite images. The tree ring record is a scatter plot with loess regression
line showing declining wood 8'°N in annual growth rings between 2003 and 2014 at both
Site A and Site B. The rapid decline in 8'°N starts in 2010, around the time the major
development projects feature in the 2012 image were completed.
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4.3.5 Tree Rings

Tree-ring 3'°N decreases between 2003 and 2014 at both the basin edge Site A and forest
interior Site B (Figure 4.4). Consistent with foliage, soil, and forest floor samples, the
85N of wood is lower within Site A compared to Site B. This trend holds true for the
range of rings sampled (2003 — 2014). The wood at Site A has negative 8'°N across all
years represented by the annual growth rings and have a greater rate of decline between
2011 and 2014 compared to Site B whose §'°N signatures only first fall below 0%o

starting in 2010 (Figure 4.4).

Site A Site B

-8 ;
|

-2 | S

T T T T T T
Foliage Forest Floor  Soil Foliage Forest Floor  Soil

Figure 4.5: Box plots for N concentrations (%N) and 8'°N of ecosystem components at each site.
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3.6 Comparison of Ecosystem Components

Along the basin edge Site A, foliar §!°N is significantly lower than both the §'°N of soil
and forest floor samples, and forest floor and soil §1°N are also significantly different
from one another (p < 0.000) (Figure 4.5). Forest floor §!°N fall between foliage and soil
8!°N at Site A. At Site B however, both foliar 3!°N and forest floor '°N are significantly
different from the soil 3"°N (p < 0.000), but not from each other (p = 0.40). Soil '°N at
Site B is however significantly higher than both the foliage and forest floor 3'°N. As
expected, N concentrations increase from the soil, to forest floor, and are highest in the
live foliage sampled at both Sites A and B (Figure 5). Soil N concentrations and foliar
8!°N are not correlated when analyzed within each site (Site A: p=0.01, p = 0.96; Site B:
p=0.13, p=0.81). There is a positive correlation (higher foliar §'°N at the higher soil N
site) when the data for both sites are pooled (p = 0.70, p = 0.01). Foliar §'°N and soil C/N
are not significantly correlated within each site (Site A: p=-0.10, p=0.85; p=-0.38,p=
0.46). When the sites are pooled, there is a negative correlation between soil C/N and
foliar 85N (p = -0.94, p < 0.00). Site A has both higher soil C/N and lower foliar §'°N

relative to Site B (Figure 4.3).

4.4 Discussion and Conclusion

The 3N values of ecosystem pools sampled in this study are substantially lower than

what is typically observed in temperate forests around the world, particularly at Site A
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along the basin edge (Martinelli et al. 1999; Pardo et al. 2002; Templer et al. 2007; Fang
etal. 2013). As expected, our results are most similar to the results of studies in
temperate East Asian forests with high N deposition where foliar §'°N ranges from -7.1%o
to 0.5%o (mean = -4.6%o) (Fang et al. 2013). The low foliar 3'°N across the region has
been attributed to the high inputs of >N depleted N deposition (Fang et al. 2011; Fang et
al. 2013; Sun et al. 2010). Foliar '°N at Site A was substantially lower than the values
obtained in similar forested sites in China. The 8'°N values recorded at Site B in our
study fall within the range observed elsewhere in the region (Fang et al. 2011; Fang et al.
2013; Sun et al. 2010). The negative values for foliar §'°N in our study and similar East
Asian forests are all lower than observations from forested sites in North America and
Europe. Forests across the East Asian region are exposed to some of the highest N
deposition rates in the world (Fang et al. 2011; Liu et al. 2013a). N deposition has been
linked to declines in the 8'°N of ecosystem pools when the §'°N of the atmospheric
deposition is relatively low compared to the other sources of plant available N (Savard et
al. 2009; Sun et al. 2010). For example, negative 3'°N of tree rings near urban and
industrial centers has been observed in variety of species (i.e Quercus rubra and alba

Bukata and Kyser, 2007; Pinus densiflora Choi et al. 2005)

Of the ecosystem pools sampled, the lowest 3' N values were recorded in the foliar tissue
followed by the most recent year’s tree ring, forest floor, and soil respectively. Several
mechanisms may explain the patterns of soil, bolewood, foliar, and tree ring 3'°N
observed in our study including [1] direct foliar uptake of >N depleted N species

(Vallano and Sparks, 2008; Sparks 2009), [2] uptake of '°N depleted N species from the

99



soil (Pardo et al. 2002), [3] fractionation as plant available N moves between soil and
plant pools due to high N availability as indicated by total soil N concentrations and soil

C/N (Evans, 2001),

4.4.1 Tree rings

Tree ring 8'°N declines between 2003 and 2014 at both the basin edge Site A and the
interior Site B. Consistent with the §'°N values of other ecosystem components sampled,
the 35N of tree rings along the basin edge were lower for comparable years at the interior
site. This between site trend persists across all tree ring years. Interpretations of tree ring
815N relies on an assumption that the §!°N of a given tree ring reflects the local N cycle
for that year (Gerhart and McLauchlan, 2014). Declines in 8'°N over time have been
attributed to declines in N availability (i.e. low leaching rates; McLauchlan and Craine,
2012; Kranabetter et al. 2013) or changes in N source (i.e. new 8!°N depleted pollution
source; Stewart et al. 2002; Guerrieri et al. 2009; Fang et al. 2011). Other studies suggest
that increases in tree ring 8'°N also reflect changes in N source, leaching, or increased N
availability due to changes in disturbance regimes over time (Caceres et al. 2011). The
8!°N of tree rings can also increase with increasing rates of N losses from soils that trees
get their N from (Gerhart and McLachlan, 2014). Between 2003 and 2014 the basin was
rapidly developing with new factories, housing, and road construction. The difference in
land-use in the basin is apparent between 2006 and 2012 when satellite images of the area
are available (Figure 4.4). In just six years between 2006 and 2012 there is a dramatic

decline in farmland and an increase in factories, power plants, roads, and housing density.
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While deposition data for this site is not available, regional trends (Liu et al. 2013b) and
the increased industrial development observed in the basin suggest that Nr emissions in
the basin have likely been increasing during this time as well. The steep decline in §'°N
beings in the 2010 tree rings which corresponds with the new industrial development and
the regional trends of increased N deposition. Additionally, the low C/N ratios of the soil
pools at both sample sites indicates that these sites are not N limited. With high soil N
concentrations and the increased industrial development in the basin between 2003 and
2014, the decline in tree ring 8'°N is best explained by uptake of increasingly "N

depleted N from the tree’s N sources.

4.4.2 Foliar uptake of N

Forest canopies increase deposition rates of Nr (Sparks 2009). Forests can filter out
atmospheric pollutants (i.e. NH3, NOx) close to the emission source due to the high
surface roughness of tree canopies and their physiological capacity for direct foliar
uptake of nutrients (Adriaenssens et al. 2011, Sparks, 2009; Vallano and Sparks, 2008;
Nguyen et al. 2015). It has been estimated that forest canopies can retain up to 40% of
deposited N (Lovett and Lindberg, 1993). The two pathways by which N is absorbed and
incorporated into vegetation include direct foliar uptake of atmospheric deposition
through the stomata or from the soil via the roots. Canopy uptake of N from atmospheric
deposition, particularly NHs3, is well documented (Bruckner et al. 1993; Gessler et al.
2002; Adriaenssens et al. 2011). The uptake of N through the stomata is largely driven

by stomatal conductance (Hanstein et al. 1999; Gessler et al. 2002; Sparks 2009). The
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813C value of foliage is related to both stomatal conductance and rates of photosynthesis
(Dawson et al. 2002). Trees stressed by exposure to atmospheric pollutants (i.e SO2, O3,
and NOx) have lower rates of photosynthesis due degradation of their chlorophyll
(Farquhar et al. 1989; Shan, 1998). Decreased photosynthesis rates yield lower foliar
813C (Wuytack et al. 2013). The foliar §'*C and N concentrations recorded in our study
support the hypotheses that trees closer to a pollution source will have higher N
concentrations in their foliage due to direct foliar uptake of N. Foliar '3C measured in
trees at Site A along the basin edge was significantly lower than the interior Site B.
Higher stomatal conductance as suggested by the significantly lower foliar 5'*C values at
Site A can lead to greater foliar uptake of N. Accordingly, Site A has slightly higher
(although not significant as p = 0.12) foliar N concentrations despite having lower soil N
concentrations than Site B. The elevated foliar N concentrations coupled with the
significantly lower foliar §'°N suggest that canopy uptake of atmospheric N sources (with
negative §!°N) contributes to the differences observed between the basin edge and the

more distant and therefore less exposed interior site.

4.4.3 6"°N depleted N uptake directly from the soil

In addition to foliar uptake of Nr, atmospheric deposition also drives rates of N uptake
from the soil. Negative soil 3' N in temperate forests is typically associated with a more
closed N cycle (i.e. one where added N is retained in the ecosystem as opposed to being
leached out) and high N inputs (Pardo et al. 2002; Guerrieri et al. 2009). Conversely, in

East Asian forests, the negative 3'°N values of soil and plant biomass have been
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correlated with increased atmospheric N deposition and low soil C/N ratios (Fang et al.
2013). Ifthe N deposition rates at this study site are consistent with regional trends then
the addition of N with negative 8'°N to the soil surface may be driving the overall
negative 3!°N at these two forested sites as well. This may in part explain the lower §'°N
values in the soil along the basin edge compared to the forest interior. Additionally, as
soil N with low 8'°N is metabolized by the trees, the low §'°N signature of this N source
will drive negative 3'°N values in the plants that consume it. This does not fully explain
the negative '°N in the above ground biomass sampled because the §!°N of foliage and

bole wood at both sites is more negative than the soil 3'"°N would otherwise suggest.

4.4.4 Fractionation

Current research suggests that soil and plant tissue §'°N are positively correlated with
leaching losses of N (Pardo et al. 2002; Craine et al. 2009). Positive !°N values in plant
tissue (i.e foliage and bole wood) and soil is commonly attributed to high N loads and the
subsequent leaching losses of N. The bonds between the lighter N isotopes require less
energy to break and therefore more readily enter the soil solution where they are leached
out of the system. This effectively leaves behind the heavier N (i.e. '’N) thus enriching
the soil and the plants that use this N. In environments with an abundant supply of N
relative to the demands of the plants and fungi or when the nutrient pool is rapidly
replaced will show greater fractionation than N deficient sites (Evans, 2001; Henn and
Chapela, 2004). With low C/N (C/N < 20) across both forested sites we would expect to

find elevated soil and plant 8'N. This indicates that either our study sites have a more
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closed N cycle than the C/N ratios and N concentrations would otherwise suggest or the
dominant N source to the soil is highly negative 8'°N, diluting the impact of N losses on
enrichment of the soil N pools. Finally, the isotope fractionation effect of plant uptake

can result in plant tissue with lower !°N. This effect is greater in N limited sites where

mycorrhizae play a greater role in plant nutrient uptake (Treseder, 2004).

4.4.5 Conclusions and limitations

Likely some combination of these three factors is driving the trends observed this study.
Low 8'°N of atmospheric Nr sources is likely driving the overall low 3'°N of soil and
plant tissue while the between site differences could be a combination of both
fractionation and greater foliar uptake of N at the basin edge. The results of this study
need to be considered in the context of their small sample size and small geographic
range. Because the two sites sampled are relatively close to one another local factors as
opposed to regional N deposition trends are likely driving the differences between the
two sites. More detailed field sampling including measurements of atmospheric
deposition, concentrations of specific nitrogen species (i.e. nitrate and ammonia) in the
soil, and nitrification rates are needed to more precisely elucidate which mechanisms are
driving the 3'3N trends at these sites and the degree to which tree-ring and foliar 3'’N can
be used to determine the dominant processes driving the cycling of N in the region. Local
trends may exert a greater control on foliar and tree ring 8'°N than global patterns of
ecosystem &'°N would otherwise predict. However, the lack of local N deposition data

makes direct correlations between the §'°N of the ecosystem components at these two
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sites and N inputs impossible. Further research comparing ecosystem 8'>N to more
complete N cycle accounting (i.e. denitrification and nitrification rates, soil and
atmospheric deposition N-species and concentrations) would allow for more robust
interpretations on the links between 8'°N and ecosystem N status. Despite these
limitations, the data provide further support to the observation that '°N trends in China
are not entirely consistent with trends across North America and Europe. Finally, a more
complete understanding of the relationship between ecosystem 8'°N and ecosystem N
status would benefit from additional data sampled from East Asian forests because the

trends differ from what is typically observed in less polluted, N limited sites.
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APPENDIX
6.1 8'5N to atom percent >N converter

#atmPercent function converts d15N notation to atom percent 15N
atm.Percent <- function(x)

{
r <- 0.366/99.634 #R Standard for nitrogen (mean atmospheric 15N)
stepl <- (x/1000 + 1)
step2 <- stepl *r
step3 <- 1 + step2
step4 <- step2/step3

return(step4*100) #atm % 15N
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6.2 Ecosystem N retention calculator
# 15N recovery calculation (Buchmann et al. 1996; Templer et al. 2004)
# %15Nrecovery = 100 * (mpool * (atm%15Npool - atm%15Nreference) / 100) /
15Ntracer
# mpool = N mass of the labeled pool
# atm%]15N = atom percent 15N of the reference (non-labeled) plots
# 15N tracer = amount of 15N added to each plot prior to sample collection
# Equation used to estimate net N retention in a given pool (i.e. soil, foliage, forest floor)
at a given point in time
#N retention based on the bulk density, 15N (atm %), %N of the sample
retention <-function(N15pool, N15ref, percent.N, BD, N15fert = 0.4975, Soildepth = 15,
type = "soil", dbh = NA, appRate = 0.224){
if(type == "soil"){
MgN.ha <- (((percent.N/100) * BD) / 1000 *(10"8) * 0.001) * Soildepth
Nt <- MgN.ha / appRate
diff <- (N15pool - N15ref) / (N15fert - N15ref)
Nl5rec <- Nt * diff
return(N15rec)

}

else if (type == "foliage"){

bm <- gholz(dbh, component = type)

mpool <- percent.N/100 * bm/1000 * (10"8) * 1000 #mpool in MgN/ha, for foliage
BD is kg/ha of foliage

N15tracer <- appRate * (N15fert/100) / 1000 #amount of 15N added to each plot prior
to sample collection Mg/ha

N15rec <- 100 * ((mpool * (N15pool - N15ref) / 100) / N15tracer)

return(N15rec)

}

else if (type == "forest floor"){ mpool <- percent.N/100 * BD/1000 * (10"8) * 1000
#mpool in MgN/ha, for foliage BD is kg/ha of foliage

N15tracer <- appRate * (N15fert/100) / 1000 #amount of 15N added to each plot prior
to sample collection Mg/ha

Nl5rec <- 100 * ((mpool * (N15pool - N15ref) / 100) / N15tracer)

return(N15rec)

}

else {
warning("type not recognized: use 'soil', 'foliage', or 'forest floor"")

}
h
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6.3 Allometric equation calculator

#Douglas-fir biomass equations from H.L. Gholz, C.C. Grier, A.G. Campbell and A.T.
Brown. 1979.

#Equations for estimating biomass and leaf area of plants in the Pacific Northwest.
#Research Paper 41. Forest Research Lab. Oregon State University, Corvallis, OR
#Data from Table A-1 (Gholz et al. 1979)

gholz <- function(dbh, component){
# biomass = EXP"(atb*In(dbh))
FoliageTotal <- ¢( -2.8462, 1.7009, 123, 0.86) #c(a, b, n, r*2)
BranchLive <- ¢( -3.6941, 2.1382, 123, 0.92)
BranchDead <- ¢( -3.5290, 1.7503, 85, 0.84)
StemWood <- ¢( -3.0396, 2.5951, 99, 0.99)
StemBark <- ¢( -4.3103, 2.4300, 99, 0.99)
Roots <- ¢( -4.6961, 2.6929, 26,  0.96)
FoliageNew <- c¢( -5.7265, 2.0390, 29, 0.93)

if (component == "stemwood"){
Ystemwood <- exp(StemWood[1] + StemWood[2] * log(dbh))
return(Y stemwood) #kg of stem wood

b

else if (component == "stembark") {
Ystembark <- exp(StemBark[1] + StemBark[2] * log(dbh))
return(Y stembark)

h

else if (component == "branchlive"){

YBranchLive <- exp(BranchLive[1] + BranchLive[2] * log(dbh))
return(Y BranchLive) #kg of live branches

}

else if (component == "branchdead"){
YBranchDead <- exp(BranchDead[1] + BranchDead[2] * log(dbh))
return(Y BranchDead) #kg of dead branches

}

else if (component == "foliage") {
YFoliageTotal <- exp(FoliageTotal[1] + FoliageTotal[2] * log(dbh))
return(Y FoliageTotal) #kg of total foliage

}

else if (component == "foliagenew"){
Y foliagenew<- exp(FoliageNew[ 1] + FoliageNew[2] * log(dbh))
return(Y foliagenew) #kg of new foliage
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}

else warning("component not recognized")

}
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