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• Patterns of Ndepwere determined across
the Greater Yellowstone Ecosystem.

• NO3
−, NH4 and δ15N in resin collectors

and %N and δ15N from lichens were
measured.

• Ndepmeasuredwas high but variable for
a remote, protected area.

• δ15N suggested agricultural NHx was a
major source.

• C:N ratio has potential as a marker for
ecological health.
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Over the past century, atmospheric nitrogen deposition (Ndep) has increased across the western United States
due to agricultural and urban development, resulting in degraded ecosystem quality. Regional patterns of Ndep

are often estimated by coupling direct measurements from large-scale monitoring networks and atmospheric
chemistry models, but such efforts can be problematic in the western US because of complex terrain and sparse
sampling. This study aimed not only to understand Ndep patterns in mountainous ecosystems but also to inves-
tigate whether isotope values of lichens and throughfall deposition can be used to determine Ndep sources, and
serve as an additional tool in ecosystem health assessments. We measured Ndep amounts and δ15N in montane
conifer forests of the Greater Yellowstone Ecosystem using canopy throughfall and bulk monitors and lichens.
In addition,we examined patterns of C:N ratios in lichens as a possible indicator of lichen physiological condition.
The isotopic signature of δ15N of Ndep helps to discern emission sources, because δ15N of NOx from combustion
tends to be high (−5 to 25‰) while NHx from agricultural sources tends to be comparatively low (−40 to
−10‰). Summertime Ndep increased with elevation and ranged from 0.26 to 1.66 kg ha−1. Ndep was higher than
expected in remote areas. The δ15N values of lichenswere typically −15.3 to −10‰ suggesting agriculture as a pri-
mary emission source of deposition. Lichen%N, δ15N and C:N ratios canprovide important information about Ndep

sources and patterns over small spatial scales in complex terrain.
© 2019 Published by Elsevier B.V.
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1. Introduction

Total reactive atmospheric nitrogen deposition (Ndep) increased
threefold globally during the 20th century, leading to acidification of
surface water and soils, increased leaching of cations, and changes in
plant communities through altered competitive relationships
(Bobbink et al., 2010; Galloway et al., 2004; Vitousek et al., 1997).
Mountainous ecosystems are particularly susceptible to Ndep because
they are typically low in nutrients due to poor soils and have low
thresholds for Ndep before water quality decreases and plant communi-
ties are impacted (Burns, 2004; Lieb et al., 2011; Williams et al., 2017).

Global increases in Ndep are attributed to expansion of intensively
managed agriculture, which is the principle source of reduced atmo-
spheric N (NHx), and transportation and industrial activities that release
nitrogen oxides (NOx) through high temperature combustion
(Galloway et al., 2004). Broad regional drivers of Ndep include climate
and distance to point and non-point sources of N. Ndep is often greatest
at high elevationswhere greater precipitation increases deposition rates
through aerosol scavenging and dissolution of NH3 and HNO3 (Beem
et al., 2010; Clow et al., 2015; Weathers et al., 2000). Ndep is positively
correlated with ion concentrations in precipitation, which are driven
by proximity to emissions sources, and total precipitation (Kopáček
et al., 2012). However, it is unclear towhat extent these patterns are ob-
served across complex landscapes with diverse non-point sources.
Montane areas generally receive more deposition than adjacent low-
land, but heterogeneous topography creates complex interactions be-
tween wind patterns, slope, aspect, emissions sources and chemistry
causing high variability across small spatial scales, such as between ad-
jacent hillslopes (Giannoni et al., 2013; Kirchner et al., 2014; Kopáček
et al., 2012; Weathers et al., 2006).

Determining sources and patterns of Ndep in montane areas is re-
quired to devise policies and management actions that will minimize
impacts to sensitive ecosystems and to understand small scale patterns
andmechanisms that can improve modeling at larger scales. Air quality
studies have led to tighter standards for NOx emissions, which is
reflected in decreasing patterns of NO3

− deposition at national monitor-
ing sites (Lloret and Valiela, 2016). Nitrogen emission sources can be
traced using 15N/14N isotope ratios at natural abundance levels. The
δ15N of most fertilizers and animal waste is ~0‰, but the observed dis-
crimination for the NH4 - NH3 equilibrium and subsequent NH3 volatil-
ization are 20 to 27‰, and 29‰, respectively, causing Ndep derived from
agricultural sources to have low δ15N (−40 to −10‰) (Ti et al., 2018). In
contrast, emissions from combustion sources have comparatively high
δ15N (−5 to 25‰), reflecting the fuel source (Elliott et al., 2007; Felix
et al., 2014, 2017; Felix and Elliott, 2014).

Lichens are useful indicators of localized Ndep because they absorb
nutrients out of the atmosphere so their nitrogen content and stable iso-
tope composition can record fine scale pollution patterns (Fenn et al.,
2007; Glavich and Geiser, 2008; Root et al., 2015). Lichen collections
are a cost-effective method to assess nitrogen pollution, particularly in
remote areas that are difficult to access with monitoring equipment.
Several studies have documented comparatively high %N concentra-
tions in lichens close to pollution sources (Boltersdorf and Werner,
2014; Fenn et al., 2007; McMurray et al., 2013). However, the mecha-
nisms by which lichens incorporate N could be influenced by both the
amount of N deposition and climate. The relationship between %N in li-
chens and Ndep could bemore complex than previous linearmodels de-
scribe, in part because %N content is influenced by climatic variables
such as the type and amount of precipitation and relative humidity
(McMurray et al., 2015; Root et al., 2013), as well as total rates and spe-
ciation of Ndep, and because different species of lichens respond to vary-
ing rates of Ndep under different climate regimes, at rates that can vary
from weeks to years. (Fremstad et al., 2005; Johansson et al., 2010;
Munzi et al., 2019).

In this study we measured Ndep using ion exchange resin (IER) col-
lectors and collected individual lichens to better understand how they
respond to Ndep and climate gradients, with the goal of estimating
amounts and impacts of Ndep. Our objectives were to 1) understand
how elevation, precipitation, and proximity to emission sources, influ-
ence Ndep patterns in the Greater Yellowstone Ecosystem (GYE), 2) cor-
relate measured deposition to % N in lichen thalli and, 3) to investigate
the use of δ15N from lichen andNdep (IERmonitors) as ameans of source
identification. We expected Ndep to be higher at higher elevation sites
and at sites closer to regional agricultural N emission sources in the
western GYE (Beem et al., 2010; Benedict et al., 2013a; Prenni et al.,
2014). Additionally, we expected lichens to reflect Ndep amounts and
sources, despite the high expected variability among individual lichens
than in the more typical bulk lichen collections. Finally, previous work
shows there are large inputs of Ndep from agriculture to the west in
the Snake River Plain and urban emissions from UT (Benedict et al.,
2013b), while oil and gas activity (McMurray et al., 2013), vehicle emis-
sions, and long distance transport (Lee et al., 2016; Zhang et al., 2018)
also contribute to Ndep.

2. Methods

2.1. Study sites

We established three elevation transects and one transect with in-
creasing distance from the Snake River Plain (SRP) across the GYE to
evaluate variation in N sources and deposition patterns across the re-
gion (Fig. 1, Table 1). The GYE, with the iconic Yellowstone National
Park (YNP) at its center, is one of the largest intact temperate ecosys-
tems on earth. The GYE is downwind from long range transport of N,
NH3 emissions from more local agriculture to the west, and NOx emis-
sions to the south and southwest (Benedict et al., 2013a; Lee et al.,
2016). Previous studies have voiced concern over increasing Ndep in
the GYE but no previous study has measured Ndep in transects across
the interior of theGYE. The study area included severalmountain ranges
with diverse climate patterns and distances to emissions that provided
the opportunity to study how Ndep patterns are mediated by regional
patterns of climate and elevation as well as local topography and
weather. The SRP, west of the GYE in southern Idaho is a concentrated
area of irrigated agriculture, dairy farming and aquaculture, which con-
tribute to high emissions in the SRP (Benedict et al., 2013a; National
Emissions Inventory, 2014).

The elevation transect at Grand Targhee Ski Resort (GT) was 15 km
west of the SRP and is influenced by agricultural emissions (Benedict
et al., 2013a). The west-facing transect included four sites that ranged
from 2317 to 2888m elevation,withmean annual precipitation ranging
from 557 to 638 mm (Thornton et al., 2014). The elevation transect at
Jackson Hole Mountain Resort (JH) included four sites that ranged in el-
evation from 1967 to 3029 m, with mean annual precipitation ranging
from 540 to 652mm(Thornton et al., 2014). This southeast-facing tran-
sect is influenced relatively more by urban N emissions from the ski re-
sort as well as the city of Jackson, WY due to inversions and upslope
winds. The elevation transect at Avalanche Peak (AP) was in a remote
area of YNP and included three sites ranging in elevation from 2537 to
2880 m, with mean annual precipitation ranging from 547 to 565 mm
(Thornton et al., 2014). The distance transect (Dist) was set up to vary
with distance downwind from agriculture in the SRP, with sites at 1,
15, 52 and 112 km from the SRP. The elevations of these sites ranged
from 1940 m to 2334 m, and mean annual precipitation ranged from
392 to 691 mm (Thornton et al., 2014).

2.2. Field Ndep collection and chemical analyses

We used ion exchange resin (IER) collectors to measure Ndep in the
GYE from June 2016 to September 2016. At each site, we placed 3 bulk
IER collectors in open areas, 6 throughfall IER collectors under spruce
(P. engelmannii) or subalpine fir (A. lasiocarpa) canopies, and one
capped IER tube, which was a field blank to control for leaching from



Fig. 1.Amap of the Greater Yellowstone Ecosystemwith study sites at elevation transects at Grand Targhee Ski Resort, JacksonHoleMountain Resort and Avalanche Peak, represented by
triangles and study sites that are part of the transect with increasing distance from the Snake River Plain represented by circles.
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IER. The collectors weremade up of amixed bed IER column attached to
a funnel with a diameter of 22.86 cm and mounted on a fence post so
that the base of the collecting funnel was about 1 m off the ground.
We assembled collectors following the protocol described by Fenn and
Poth (2004),whichwere shown to be effective for accuratelymeasuring
Ndep when comparedwith other measurements (Fenn and Poth, 2004).
Fifty grams of resin were placed into each tube and then distilled water
was poured through the tubes to remove any trace contaminants. The
collectors were fitted with wire prongs around the rim to prevent con-
tamination from perching birds.
Table 1
The locations of ion exchange resin collectors and lichen collections in this study, as well as th

Site Latitude Longitude Elevation
(m)

Summer
precipitation
(mm)

A
(

Avalanche Peak 1 44.486117 −110.170661 2537 77
Avalanche Peak 2 44.471513 −110.143398 2612 81
Avalanche Peak 3 44.479575 −110.13975 2880 84
Grand Targhee 1 43.788973 −110.98004 2317 62
Grand Targhee 2 43.780154 −110.96514 2452 70
Grand Targhee 3 43.768944 −110.931608 2683 70
Grand Targhee 4 43.78068 −110.92562 2888 72
Jackson Hole 1 43.605985 −110.805694 1967 70
Jackson Hole 2 43.609823 −110.832022 2535 82
Jackson Hole 3 43.589563 −110.875071 2881 84
Jackson Hole 4 43.594867 −110.878528 3029 84
Distance 1 43.889776 −111.083645 2094 55
Distance 2 44.143361 −111.108935 2048 44
Distance 3 44.443467 −110.803421 2334 80
Distance 4 44.922004 −110.454921 1940 91
Each IER column collected from the field was extracted with 200mL
2M KCl in the lab. The extracts were analyzed for NH4 and NO3

− concen-
trations using colorimetry (Lachat Quickchem 8500) (Hofer, 2003;
Knepel, 2003). Concentrations were used to estimate area-based N de-
position amounts over the summer collection period (kg N ha−1)
based on the size of the funnel and volume of the extract. Total NH4

and NO3
− mass measured in field blanks were subtracted from values

measured in collector deposition to correct for possible leaching.
These collectors measure total deposition over the time period that
they were in the field. Because it would be impossible to establish and
e elevation, modeled precipitation and dominant tree species at each site.

nnual precipitation as rain
mm)

Annual days of
precipitation

Dominant tree species

557 282 Abies lasiocarpa
547 279 Abies lasiocarpa
565 272 Abies lasiocarpa
638 288 Abies lasiocarpa
664 287 Abies lasiocarpa
665 283 Abies lasiocarpa
557 260 Abies lasiocarpa, Pinus albicaulis
568 299 Pinus contorta, Pseudotsuga menziesii
652 290 Abies lasiocarpa
540 264 Abies lasiocarpa, Pinus albicaulis
571 266 Abies lasiocarpa, Picea engelmannii
652 298 Pseudotsuga menziesii
691 304 Pinus contorta
598 290 Picea engelmannii, Pinus contorta
392 298 Pseudotsuga menziesii
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retrieve all collectors on the same start and end dates, time in the field
ranged from 84 to 134 days so deposition was standardized to a 100-
day period during summer. Total phosphorus was measured in the
twenty samples with the highest NH4 concentrations using inductively
coupled plasma–optical emission spectrometry (ICP-OES, PerkinElmer
Optima 8300) to check for contamination from bird excrement. Phos-
phorus concentrations ranged from 0.211mg L−1 to 20.81mg L−1, corre-
sponding to deposition rates of 0.01 to 0.91 kg ha−1. These values were
within natural deposition ranges (Decina et al., 2018), so we deter-
mined there was no contamination from perching birds.

We measured δ15N of dissolved NO3
− and NH4 at each site to under-

stand sources of Ndep. δ15N values for bulk and throughfall collections
at each site were analyzed separately to detect whether canopies were
processing N or just collecting dry Ndep (Heaton et al., 1997). Stable iso-
tope ratios were calculated relative to the atmospheric N2 standard
using delta notation:

δN ‰ð Þ ¼ Rsample

Rstandard
−1

� �
x1000 ð1Þ

where Rwas the ratio of the heavy to light isotope in the sample or stan-
dard. The NH4 from IER extracts were collected onto filters using the
ammonia diffusionmethod (Holmes et al., 1998). Samples were diluted
to a concentration of approximately 0.5 mg NH4-N L−1 and 150 mL of
each dilution was placed in a 250 mL bottle, where 0.45 g of MgO
were added to facilitate conversion of NH4 to NH3 gas and diffusion
into the headspace. We placed filter packs made of 25 μL of 3 M H2SO4

on pre-combusted 1 cm GF/D filters sealed between 2 cm Teflon filters
to trap the NH3 gas in the headspace. Bottles were tightly sealed and
placed on a shaker bench for 15 days at room temperature to allow for
diffusion of NH3 into the headspace and collection onto the filters. The
filters were combusted in an elemental analyzer coupled to an isotope
ratio mass spectrometer (EA-IRMS, Thermo Finnigan Delta Plus XP,
Carlo Erba 1110 Elemental Analyzer). Standards of 0.25, 0.50 and
1.00 mg N L−1 were used to quantify observed discrimination during
the conversion and collection of NH3.

We measured the δ15N-NO3
− isotope ratios by converting NO3

− in IER
extracts to N2O using the microbial denitrifier method (Sigman et al.,
2001). Pseudomonas chlororaphis were incubated in stock media solu-
tion for 2 days. The cultures were divided into 50 mL tubes and centri-
fuged for 12 min at 7200 rpm to form a pellet. The supernatant was
decanted and 15 mL of NO3

−-free media was mixed into each tube. The
tubeswere vortexed to form a pellet and the supernatant was decanted.
Rinsingwith NO3

− free media was repeated three times to remove all ni-
trogen used to grow bacteria. The bacteria from all centrifuge tubes
were then combined in 30mL of NO3

−-free media and 2mL of the bacte-
ria solution was pipetted into 12 vials. The vials were flushed with N2

gas for 1 h and then placed on a heated shaker for 12 h. Two milliliter
of each sample were added to the vials containing the bacteria. Samples
were diluted to approximately 20 μmol NO3

− before injection. The vials
were left for 1 h on the shaker bench to allow bacteria to convert NO3

−

to N2O, before NaOH was added to kill bacterial cells and stop the reac-
tion. The N2O gas was collected from the headspace of the vials and an-
alyzed using gas chromatography (GC)-IRMS (Thermo Scientific Delta
V). We included and analyzed four NO3

− standards with each batch of
samples.

2.3. Lichen collections and analyses

Where possible, at each site we collected 6 specimens of Usnea
lapponica and Letharia vulpina that were co-located on conifer trees
where throughfall IER collectors were placed. These two species of li-
chens are ubiquitous throughout the study area, but U. lapponica typi-
cally has higher N content (Geiser et al., 2010; McMurray et al., 2013).
All lichens were collected N1 m off the ground, hand cleaned of debris,
oven dried for 24 h at 40 °C, and homogenized. A sub-sample was
then loaded into a tin and combusted, and %N, %C, δ15N, and δ13C were
measured using EA-IRMS.

2.4. Statistical analyses

We used R to perform all statistical analyses (R Core Team, 2018).
We plotted IER Ndep, and δ15N, and lichen %N and δ15N against elevation
for each transect and used analysis of variance and TukeyHSD post hoc
tests to determine significant differences between sites using α ≤ 0.05.
Additionally, we used linear regression to test the relationship between
IER Ndep and lichen %N or C:N and IER δ15N and lichen δ15N.

3. Results

3.1. Ion exchange resin collectors

We collected 72 throughfall and 38 bulk IER samples across 15 sites
categorized into four transects. Concentrations of NO3

− ranged from 0.05
to 6.01 mg N L−1 and concentrations of NH4 ranged from 0.032 to
21.8 mg N L−1. The method detection limit for NO3

− was 0.005 mg N L−1

and the detection limit for NH4 was 0.02 mg N L−1. The standard devia-
tion of replicate samples was 0.008 for NO3

− and 0.117 for NH4. The stan-
dard deviation of known standards was 0.15 mg N L−1 for NO3

− and
0.06 mg N L−1 for NH4. The field blanks averaged 0.007 ± 0.0002 mg
NO3

− -N and 0.168 ± 0.018 mg NH4-N.
After subtraction of field blanks, the mean (±95% CI) bulk Ndep for

the summer across all sites was 0.80 ± 0.14 kg N ha−1 (0.63 kg NH4-
N ha−1 and 0.17 kg NO3

−-N ha−1) and mean throughfall Ndep was 1.25
±0.24 kg ha−1 (1.05 kg NH4-N ha−1 and 0.20 kgNO3

−-N ha−1). The lowest
bulk Ndep was 0.26 kg N ha−1 measured at AP1, but there was only one
replicate (Table 2). AP2 had the second lowest bulk Ndep with 0.38 ±
0.38 kg N ha−1 (0.30 kg NH4-N ha−1 and 0.08 kg NO3

−-N ha−1)
(Table 2). AP3 had the highest bulk Ndep with 1.66 ± 0.35 kg N ha−1

(1.26 kg NH4-N ha−1 and 0.40 kg NO3
−-N ha−1) (Table 2). Sites at higher

elevations had higher Ndep. However, this trend was only significant
(p b 0.05) at the AP transect (Fig. 2). Throughfall Ndep was significantly
higher (p b 0.05) than bulk Ndep at the GT and JH transects (Fig. 2). The
Ndep along the distance transect did not have a clear trend and the
highest amount of bulk Ndep occurred at the site furthest from the SRP,
but differences between sites are not significant. Nitrogen from NH4

made up the majority of Ndep at all sites, with an average ratio for
NH4-N: NO3

−-N of 9.3:1 in bulk deposition and 11.8:1 in throughfall de-
position (Table 2). δ15N-NH4 was between −5.7 and 2.7‰, except for in
bulk deposition at JH2 and Dist3 and Dist4, which were 8.9, 13.8 and
15.8‰ respectively, and the throughfall deposition at GT1, which was
6.2‰ (Table 2). The standard deviation of δ15N-NH4 for known stan-
dards was 0.22‰. δ15N-NO3

− generally was between −12.5‰ and −
0.7‰, but there were two high throughfall values of 20.6‰ and 11.1‰
at the JH4 and Dist4 sites, respectively (Table 2). The standard deviation
of δ15N-NO3

− for known standards was 0.4‰.

3.2. Lichen analyses

We collected 86 U. lapponica and 104 L. vulpina across the four tran-
sects. The average standard deviation of duplicate samples was 0.03 for
%N, 0.15 for %C, 0.06 for δ15N, and 0.04 for δ13C. For check standards, the
average deviation from known values was 0.08 for %N, 0.87 for %C, 0.06
for δ15N was, and 0.09 for δ13C. Across all sites, individual U. lapponica
samples ranged from 0.70 to 2.54%Nwith amean of 1.53% N and a stan-
dard deviation of 0.43,while L. vulpina ranged from 0.71 to 2.13%Nwith
a mean of 1.32% N and a standard deviation of 0.32. Individual lichens
often had high variation within sites (Table 3).

U. lapponica and L. vulpina %N had similar trends across sites, but
U. lapponica had higher %N than L. vulpina (Fig. 3). Lichen %N at the GT
transect increased with elevation from 1.14 ± 0.15% to 1.54 ± 0.13%
in L. vulpina. Lichen %N also increased with elevation at the JH transect,



Table 2
Thenumber of collectors, total inorganicN (mean±95%CI), average ratios of NH4-N toNO3

−-N indeposition, and δ15N isotope ratios in bulk and throughfall ion exchange resin collectors at
four transects throughout the Greater Yellowstone Ecosystem. Some δ15N ratios are missing because there was not enough sample to analyze or because of instrument errors.

Site Count Inorganic N (kg ha−1) NH4: NO3
− ratio δ15N-NO3

− (‰) δ15N-NH4 (‰)

Bulk tf Bulk tf Bulk tf Bulk tf Bulk tf

AP1 1 2 0.26 0.45 ± 0.54 13.1 9.6 −2.2 −5.5
AP2 3 6 0.38 ± 0.38 1.15 ± 0.45 26.3 4.5 −4.4 −4.4 −3.6 −3.3
AP3 2 2 1.66 ± 0.35 1.51 ± 1.2 3.2 3.0 −2.9 −12.5 −2.7 −1.9
GT1 2 6 0.65 ± 0.79 0.99 ± 0.58 11.1 20.2 −1.8 −4.7 6.2
GT2 2 6 0.74 ± 0.42 2.11 ± 0.86 26.6 43.0 −4.0 −10.3 −3.6
GT3 2 4 0.79 ± 0.46 1.79 ± 0.31 8.4 7.7 −4.1 −8.8 1.1 −0.6
GT4 3 6 1.07 ± 0.43 1.03 ± 0.54 2.4 3.2 −4.2 −6.9 −3.5 −1.1
JH1 3 5 0.46 ± 0.26 1.04 ± 0.19 4.9 4.2 −4.4 −10.7 −3.1 −0.5
JH2 3 6 0.81 ± 0.29 1.46 ± 0.31 4.6 9.6 −5.0 8.9 2.7
JH3 3 6 0.92 ± 0.46 1.13 ± 0.66 25.0 13.4 −4.4 −5.2 −1.7 −3.0
JH4 3 6 0.88 ± 0.24 1.54 ± 0.55 3.0 20.2 −4.5 20.6 −2.3 −2.8
Dist1 3 4 0.56 ± 0.92 1.23 ± 0.41 1.1 4.0 −0.7 −2.6 −3.0 −2.5
Dist2 3 6 0.98 ± 0.41 0.41 ± 0.45 3.6 2.6 −3.6 −4.2 −4.1 −3.0
Dist3 3 1 0.61 ± 0.29 0.99 56.0 6.6 −5.1 −6.5 13.8 −1.9
Dist4 2 6 1.17 ± 0.01 1.46 ± 0.58 5.3 8.3 −5.4 11.1 15.8 −1.4
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from 1.18 ± 0.19% to 2.06 ± 0.46% in U. lapponica and 0.96 ± 0.13% to
1.57 ± 0.23% in L. vulpina, although the biggest increase in %N came be-
tween the first and second sites (Fig. 3). Lichen %N at sites along the AP
transect were relatively constant with %N in lichens ranging between
1.18 ± 0.10% and 1.32 ± 0.25%, except at the lowest site where
U. lapponica averaged 1.81±0.24% N (Fig. 3). At sites along the distance
transect, lichen %N did not have a clear trend and %N ranged from 1.14
± 0.16% to 2.02± 0.31% (Fig. 3). Lichen δ15N were generally low across
sites, mostly ranging between −16‰ to −10‰. However, the JH transect
had a few sites with values that were higher than −10‰, averaging −7.6
± 4.1‰ and −6.0 ± 1.3‰ in L. vulpina at themiddle elevation sites (JH2
and JH3), and −2.8 ± 6.7‰ in U. lapponica at JH2 (Fig. 4).

3.3. Ion exchange resin collector and lichen comparisons

Throughfall Ndepwas positively correlatedwith %N in L. vulpina (p=
0.0001), but the relationship was weak (R2 = 0.19, Fig. 5). Throughfall
Ndep also was positively correlated with C:N ratios in both L. vulpina (p
b 0.0001) and U. lapponica (p = 0.04), although the relationships
Fig. 2.Mean (±95% CI) nitrogen deposition measured from June to September 2016 in ion ex
Ecosystem near Grand Targhee Ski Resort (GT), Jackson Hole Mountain Resort (JH), Avalanche
were also weak (R2 = 0.22 and R2 = 0.06, respectively). Lichen δ15N
values were not correlated with δ15N of NH4, NO3

−, or concentration
weighted means of δ15N of NH4 and NO3

− for bulk or throughfall Ndep

(p N 0.05).

4. Discussion

We collected 104 L. vulpina at 15 sites and 86 U. lapponica at 14 sites
across the GYE. U. lapponicawere difficult to find at high elevation sites
(JH4, GT3, GT4, and AP3), with only 5 collections across those sites. We
also measured deposition in 38 bulk collectors and 72 throughfall col-
lectors across 15 sites in the GYE. Generally, lichen %N and bulk deposi-
tion increased with elevation, but there was large variation and these
relationships were mostly not significant. Throughfall deposition in-
creased with elevation at the AP transect, but had higher variation
within sites (Fig. 2, Table 2). Ratios of NH4-N to NO3

−-N and δ15N isotope
ratios in bulk and throughfall deposition and lichens indicated predom-
inantly agricultural sources of N. Ndep was highest at sites in remote
parts of the northern GYE that do not have significant local sources,
change resin (IER) collectors established at four transects across the Greater Yellowstone
Peak (AP), and a transect with increasing distance from the Snake River Plain.



Table 3
The number of lichen collections and average lichen %N (mean±95% CI), lichen δ15N (mean±95% CI), and lichen C:N ratio ofU. lapponica and L. vulpina lichens collected at four transects
across the Greater Yellowstone Ecosystem. At high elevation sites, U. lapponicawere uncommon so there were missing collections and lower sample sizes.

Site Count %N δ15N (‰) C:N ratio

L. vulpina U. lapponica L. vulpina U. lapponica L. vulpina U. lapponica L. vulpina U. lapponica

AP1 6 4 1.31 ± 0.22 1.81 ± 0.24 −12.7 ± 1.4 −13.9 ± 1.0 36.5 25.9
AP2 6 6 1.18 ± 0.10 1.30 ± 0.21 −15.2 ± 1.3 −15.3 ± 1.9 39.7 35.9
AP3 6 0 1.32 ± 0.25 −13.0 ± 1.2 36.2
GT1 11 12 1.14 ± 0.15 1.25 ± 0.34 −14.9 ± 0.9 −13.7 ± 1.5 40.0 37.9
GT2 9 12 1.29 ± 0.20 1.39 ± 0.34 −11.8 ± 0.9 −11.4 ± 1.7 35.5 33.2
GT3 13 2 1.54 ± 0.13 1.65 ± 0.04 −10.8 ± 1.0 −10.2 ± 0.6 29.4 27.3
GT4 6 2 1.48 ± 0.25 1.76 ± 0.40 −10.3 ± 2.0 −11.8 ± 0.4 31.7 26.1
JH1 8 12 0.96 ± 0.13 1.18 ± 0.19 −11.6 ± 1.0 −13.6 ± 1.1 48.7 39.2
JH2 7 8 1.45 ± 0.26 2.06 ± 0.46 −7.6 ± 4.1 −2.8 ± 6.7 32.0 22.8
JH3 3 6 1.57 ± 0.23 1.74 ± 0.22 −6.0 ± 1.3 −11.9 ± 1.4 29.8 26.0
JH4 5 1 1.35 ± 0.22 1.71 −11.8 ± 2.4 −13.2 34.7 26.7
Dist1 6 6 1.52 ± 0.32 2.02 ± 0.31 −11.5 ± 0.4 −11.7 ± 1.3 32.1 22.7
Dist2 6 3 1.44 ± 0.26 1.86 ± 0.40 −10.3 ± 3.9 −10.6 ± 4.9 33.6 25.4
Dist3 6 6 1.14 ± 0.16 1.30 ± 0.34 −13.3 ± 1.1 −14.9 ± 1.6 41.4 37.1
Dist4 6 6 1.34 ± 0.30 1.69 ± 0.44 −11.8 ± 0.9 −12.1 ± 0.6 36.7 28.1
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which indicates there were additional inputs of N from long distance
transport (Lee et al., 2016; Zhang et al., 2018). All transects had rela-
tively similar average amounts of summer deposition, with bulk Ndep

of 0.84 ± 0.24 kg ha−1 at the GT transect, 0.77 ± 0.17 kg ha−1 at the JH
transect, and 0.79± 0.57 kg ha−1 at the AP transect, but variationwithin
transects was often high. This suggests that transects across the region
received similar inputs of N on average, but small-scale topography,
vegetation and wind patterns influenced how Ndep was distributed
across each transect (Kopáček et al., 2012; Weathers et al., 2000, 2006).

Deposition rates measured in this study were higher than those
measured in the study area by national monitoring programs. Bulk de-
position in our study ranged from 0.26 to 1.66 ± 0.35 kg N ha−1 for
the summer. There are two National Atmospheric Deposition Program
(NADP) sites in to the study area: WY08—Yellowstone National Park
(YNP) at Tower Falls and WY94-Grand Teton National Park (GTNP).
NADP sites measure wet deposition only (National Atmospheric
Deposition Program - National Trends Network). In addition, there is a
Clean Air Status and Trends Network (CASTNet) (US Environmental
Protection Agency Clean Air Markets Division) located in YNP at the
Fig. 3.Mean (±95% CI) nitrogen content (%N) of U. lapponica and L. vulpina collected from fou
Jackson Hole Mountain Resort (JH), Avalanche Peak (AP), and a transect with increasing distan
north end of Yellowstone Lake (YEL408). At CASTNet sites, dry deposi-
tion of inorganic N species is estimated using measured air concentra-
tions of HNO3, NO3

− and NH4. Wet deposition in YNP was 1.21 kg ha−1

(0.89 kg ha−1 NH4-N and 0.33 kg ha−1 NO3
−-N) in summer 2016 and in

GTNP, wet deposition was 0.20 kg ha−1 (0.15 kg ha−1 NH4-N and
0.05 kg ha−1 NO3

−-N) for the summer (National Atmospheric
Deposition Program - National Trends Network). Dry deposition esti-
mated in YNP in summer 2016 was 0.02 kg ha−1 NH4-N, 0.004 kg ha−1

NO3
−-N, and 0.05 kg ha−1 HNO3-N (US Environmental Protection

Agency Clean Air Markets Division), for total measured wet and dry de-
position of 1.29 kg ha−1. This estimate does not include dry NH3 and or-
ganic N deposition, which modeled values suggest contributed
1.53 kg ha−1 year−1 of the total 1.69 kg dry N ha−1 year−1 in 2016
(Schwede and Lear, 2014; US Environmental Protection Agency Clean
Air Markets Division). A hybrid approach using modeled and measured
values in the GYE estimated total dry deposition at 1.69 kgN ha−1 year−1

and total wet deposition at 1.59 kg N ha−1 year−1 in 2016 (Schwede and
Lear, 2014; US Environmental Protection Agency Clean Air Markets
Division). This ratio of dry to wet deposition is supported by other
r transects across the Greater Yellowstone Ecosystem near Grand Targhee Ski Resort (GT),
ce from the Snake River Plain.



Fig. 4. Mean (±95% CI) δ15N of U. lapponica and L. vulpina collected from four transects across the Greater Yellowstone Ecosystem near Grand Targhee Ski Resort (GT), Jackson Hole
Mountain Resort (JH), Avalanche Peak (AP), and a transect with increasing distance from the Snake River Plain.
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studies in the region that suggest deposition in the area is about 50%wet
deposition and 50% dry deposition (Benedict et al., 2013a; Lee et al.,
2016). Additionally, 29% and 15% of annual wet deposition was depos-
ited during the summer at NADP sites in YNP and GTNP, respectively
(National Atmospheric Deposition Program - National Trends
Network). If we assume a conservative estimate of 29% of deposition oc-
curring in the summer, then a rough estimate of annual deposition at
our sites would range from 0.90 kg N ha−1 year−1 to
5.72 kgNha−1 year−1. Backgrounddeposition rates in the interiormoun-
tainous west are estimated around 1.0 kg N ha−1 yr−1 or less (Holland
et al., 1999; Sverdrup et al., 2012). Approximately 3 kgN ha−1 yr−1 is suf-
ficient to alter soils, foliar C:N ratios, water quality and aquatic ecosys-
tems in mountainous environments (Baron et al., 2000; Nanus et al.,
2017; Spaulding et al., 2015). The annual rates estimated by our study
Fig. 5. The relationship between %N in two lichen species (U. lapponica and L. vulpina) and N
collected in the Greater Yellowstone Ecosystem. Throughfall deposition was positively correlat
between throughfall deposition and U. lapponica (p = 0.11).
would indicate that parts of the GYE, including high elevation areas
near Jackson (JH4), the SRP (GT4), and in northeastern Yellowstone Na-
tional Park (AP3, Dist4) are experiencing negative effects from N
deposition.

Our study highlights the amount of variation that can occur over
small spatial scales. The AP transect, which spanned the smallest
range of elevation and distance, had bulk Ndep that spanned the entire
range of deposition across all transects. At the GT transect west of the
SRP, there was also an increase in bulk Ndep and lichen %N at higher el-
evation sites, where there are also higher rates of precipitation and wet
deposition. Similarly, Ndep patterns at the JH transect were related to
precipitation, as the lowest elevation site had lower Ndep, lichen %N,
and precipitation, while the three higher elevation sites had compara-
tively high Ndep, lichen %N and precipitation. However, neither of
deposition measured by throughfall collectors located at the tree where each lichen was
ed with %N in L. vulpina (p = 0.0001, R2 = 0.19) and the relationship was not significant
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these relationships were significant indicating precipitation alone is not
drivingNpatterns in theGYE. Recent studies in the area suggest that dry
deposition contributes about 50% of total deposition (Benedict et al.,
2013a; Lee et al., 2016; Zhang et al., 2018), so understanding mecha-
nisms that influence dry deposition is necessary to better understand
overall deposition patterns. Furthermore, other factors such as slope,
edge effects and turbulent atmospheric conditions influence deposition
patterns (Kopáček et al., 2012; Weathers et al., 2000, 2006). For exam-
ple, Prenni et al. (2014) document local thermally driven air circulation
on the west side of the Tetons, which explains changes in N concentra-
tions in air masses over the course of a day. The influence of these local-
ized factors on Ndep patterns limits the efficacy of disperse monitoring
sites, especially in areas with complex topography such as the GYE.

Although both lichen species showed similar trends in %N, L. vulpina
typically had lower %N than U. lapponicawhich has been commonly ob-
served in other studies (McMurray et al., 2015, 2013). In theWind River
Range in Wyoming, background deposition rates of 0.9 kg N ha−1 yr−1

corresponded with N concentrations below 1.35% in U. lapponica and
1.12% in L. vulpina (McMurray et al., 2013). At our sites in the GYE, al-
most all sites had lichen %N above those concentrations which was ex-
pected because current N deposition estimated in our study and in
modeling studies is 1–4 kg N ha−1 year−1 above background levels (Lee
et al., 2016; Zhang et al., 2018). Studies throughout the U.S. Northwest
and California found critical levels of Ndep for L. vulpina to be
1.0–1.02% N, which corresponded to critical loads of 2.51–3.1 kg ha−1-

year−1 (Fenn et al., 2008; Root et al., 2015). Similarly, in the Sierra Ne-
vada Range in CA, along a remote road, %N in L. vulpina ranged from
0.78 to 1.13%, while %N along a major highway ranged from 1.10 to
2.00% N (Bermejo-Orduna et al., 2014). In our study at 14 out of 15
sites mean L. vulpina %N was N1.13%N. McMurray et al. (2013) also re-
corded that lichen % N concentrations at two sites in Wyoming with
measured N deposition above 3.0 kg N ha−1 yr−1 were 1.90% N in
U. lapponica and 1.56%N in L. vulpina. At our sites we observed similar
% N levels near Jackson (JH2, JH3) and the SRP (Dist1).

Lichen C:N ratios generally decrease as Ndep increases, which is in-
dicative of N stress and the inability of mycobiont growth to keep up
with photobiont growth spurred by N availability (Palmqvist et al.,
2017; Palmqvst andDahlman, 2006). Additionally, Ndep can lead to acid-
ification of pigments important to photosynthesis, which decreases the
lichens ability to obtain C (Carter et al., 2017). Lichens that are known to
be tolerant to air pollution can maintain C:N ratios even at high rates of
Ndep (Palmqvst and Dahlman, 2006), while shade adapted lichens, with
low photosynthesis rates are very sensitive to Ndep (Hauck and Wirth,
2010). The C:N ratios for L. vulpina in this study range from 29.4 to
48.7, while for U. lapponica, C:N ratios range from 22.7 to 39.2. In com-
parison, a study on the impacts of traffic on N pollution in the Sierra
Nevadas in CA, found C:N ratios in L. vulpina along a relatively
unimpacted forest service road were 49.2 ± 5.32, while C:N ratios
along a major highway were 33.55 ± 4.88 (Bermejo-Orduna et al.,
2014). While a clear threshold for C:N ratios that indicate N stress will
require more research, C:N ratios in lichens should be further explored
as an indicator of how vulnerable an ecosystem is to inputs of N.

Overall, lichen %N was not well correlated with throughfall Ndep.
Other studies (McMurray et al., 2013; Root et al., 2013) have reported
highly correlated values for IER N and lichen N. However, these studies
were conducted in areas with singular point sources that lichens
responded to (McMurray et al., 2013), or in areas that have higher pre-
cipitation and deposition rates (Root et al., 2013). Additionally, these
studies measured annual deposition, had more collectors per site,
used the same tree species at each site, and used bulk lichen collections
which consists of many lichens, instead of the individual specimen col-
lections in this study. % N in individual lichens is affected by thalli size,
metabolic processes, climatic and microhabitat variation across a land-
scape, such as substrate or differences in relative humidity (Carter
et al., 2017; Root et al., 2013). Canopies of different tree species may
vary in retention of NO3

− (Fenn et al., 2013) or NH4 (Lovett and
Lindberg, 1993). Additionally, canopy density influences dry deposition
characteristics of the canopy and the high surface area of conifer cano-
piesmaybeparticularly efficient at scavenging aerosols and clouddepo-
sition, leading to high localized rates of deposition (Weathers et al.,
2006). Concentrations of ions and total volumes of throughfall are
often higher than stemflow (Pryor and Barthelmie, 2005), so lichen lo-
cation on a host tree may also influence %N measured in individual li-
chens. For these reasons, lichen %N may not correlate highly with
throughfall Ndep in some environments.

The Ndep measured in throughfall was always higher than the Ndep

measured in bulk deposition at the same site, and in some cases, values
were 3–4 times higher (Fenn et al., 2003, 2008; Fenn and Poth, 2004).
This pattern could reflect several processes, including dry deposition
to the vegetation canopy (Hofhansl et al., 2011) leaching of inorganic
N from vegetation, or in-canopy processing of N (Cape et al., 2010).
However, biological processes often discriminate against heavier
isotopes, so if N was leached from canopy tissues or taken up by can-
opies, the isotope ratios would be different between throughfall and
bulk deposition (Heaton et al., 1997). δ15N-NO3

− and δ15N-NH4 were
not different between throughfall and bulk collectors, which sug-
gests that the sources of throughfall and bulk deposition are the
same and the canopy is concentrating deposition, not leaching ions
(Heaton et al., 1997), at least during the summer months. Other
studies have also suggested that tree canopies take up NO3

− (Fenn
et al., 2013), which could contribute to the low levels of NO3

− deposi-
tion observed in this study, but this is not supported by isotope
values or differences in NH4-N:NO3

−-N ratios in bulk and throughfall
deposition in our study. In comparison with the Cape et al. (2010),
Heaton et al. (1997), and Fenn et al. (2013) studies, the sites in this
study are relatively dry in the summer when collections were made
(Table 1), so the absence of N leaching or processing in the canopy
could be limited by water availability.

Lichen and deposition isotope values were low across the GYE,
which indicates that agriculture is the dominant source of Ndep. Lichen
δ15N values mostly range between −16‰ to −8‰, which are similar to
values found in lichens near feedlots and intensive agricultural areas
(Boltersdorf and Werner, 2013). δ15N-NH4 ratios were between −5.5‰
and 2 .7‰, except for at four sites discussed below and there was
more NH4 than NO3

− in deposition at every site. This is consistent with
modeling studies that find high deposition contributions from agricul-
ture (Lee et al., 2016; Zhang et al., 2018), field studies that have mea-
sured high concentrations of NH3 gas on the western side of the
Tetons (Benedict et al., 2013a), and NADP deposition measurements
that have a majority NH4-N (National Atmospheric Deposition
Program - National Trends Network). However, δ15N-NH4 ratios mea-
sured in the GYE were higher than those in wet deposition in Rocky
Mountain National Park (RMNP), which ranged from −10‰ to 0‰
(Nanus et al., 2018). Higher δ15N-NH4 ratios could be indicative of a
combustion NH4 source (Zhang et al., 2008) or of aerosol formation
(Ti et al., 2018). Additionally, δ15N-NO3

− values ranged from −12.5‰ to
−0.7‰, except for at two sites discussed below. These values are similar
to wet deposition δ15N-NO3

− values that ranged from −7.6‰ to −1.3‰ in
RMNP (Nanus et al., 2018) and are representative of contributions from
vehicular gasoline combustion (Clowet al., 2015; Elliott et al., 2007). Re-
cent N emissions studies show that vehicle emission contributions to
Ndep are underestimated (Fenn et al., 2018; Jiang et al., 2018), which
could contribute significantly to Ndep in the GYE, particularly during
the summertime when millions of visitors travel through the GYE
(National Park Service, 2018). This, combined with local topography
could be influencing the higher δ15N in lichens at sites in the JH transect,
which indicate there are localized sources of NOx from Jackson, WY at
least during the summer months. Our study only measured δ15N values
in summer deposition and we do not know how lichen δ15N values in
deposition fluctuate seasonally, if at all.

The sites with the highest measured Ndep were located on the Yel-
lowstone Plateau, furthest away from regional agricultural sources.
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Long range transport of N emitted in Utah and California or beyondmay
contribute significantly to Ndep in the GYE due to downwelling of air
over the Yellowstone Plateau (Lee et al., 2016; Zhang et al., 2018). N
transported over long distances in the atmosphere typically deposits
on high elevation landscapes, while valleys are more influenced by
local sources (Giannoni et al., 2013). This could be reflected in the
sharp increase in Ndep measured at the AP transect over a relatively
small elevation change. Additionally, the high isotope ratios in deposi-
tion at a few sites alluded to above, could be indicative of particulate for-
mation or higher contributions from combustion sources. Two sites had
δ15N-NO3

− values of 1 1.1‰ and 2 0.6‰ in throughfall deposition and
four sites had δ15N-NH4 values of 6 .2‰ in throughfall, and 8 .9‰,
1 3.8‰, and 15.8‰ in bulk deposition. Higher δ15N ratios originate
from fossil fuel emissions, or from aerosols, because particulate forma-
tion favors heavy isotopes, leading to δ15N values around 2 0‰ (Ti
et al., 2018). This indicates that both agricultural emissions, combustion
emissions, and long range transport of emissions contribute signifi-
cantly toNdep in theGYE,which is supported by recentmodeling studies
(Lee et al., 2016; Zhang et al., 2018).

5. Conclusions

Overall, Ndep measured in the GYE was high compared to back-
ground deposition for a remote, natural area. General elevation and pre-
cipitation patterns that drive Ndep were observed at some sites in this
study, but variation in Ndep was high due to the complex topography
and emissions sources in the region. Deposition sources were primarily
agricultural, but high isotope values and high deposition rates in remote
areas suggest there is long distance transport of emissions or unac-
counted for contributions fromvehicle emissions. Lichen%Nwas related
to Ndep, but the correlation was weak, suggesting there may be a lag in
lichen response to Ndep or that individual lichen N was influenced by
microclimate factors, such as the position in a tree. Bulk collections of
many lichen specimens are better correlated to Ndep because the overall
collection incorporates variation across many different microhabitats.
However, lichen C:N ratios are useful for understanding how an ecosys-
tem is impacted by Ndep and δ15N ratios can be used to understand the
extent of impact from different sources. Ndep measurements in this
study indicate that the GYE is receiving levels of deposition high enough
to degrade water and soil quality and begin to impact sensitive plant
species. Overall, lichens and IER collectors provide useful estimates of
N at small spatial scales that can be used to understand ecosystem im-
pacts and inform land management.
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