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Abstract Microbial processing of atmospheric nitrogen (N) deposition regulates the retention and
mobilization of N in soils, with important implications for water quality. Understanding the links between N
deposition, microbial communities, N transformations, and water quality is critical as N deposition shifts toward
reduced N and remains persistently high in many regions. Here, we investigated these connections along an
elevation transect in the Colorado Front Range. Although rates of N deposition and pools of extractable N
increased down the elevation transect, soil microbial communities and N transformation rates did not follow
clear elevational patterns. The subalpine microbial community was distinct, corresponding to a high C:N ratio
and low pH, while the microbial communities at the lower elevation sites were all very similar. Net nitrification,
mineralization, and nitrification potential rates were highest at the Plains (1,700 m) and Montane (2,527 m)
sites, suggesting that these ecosystems mobilize N. In contrast, the net immobilization of N observed at the
Foothills (1,978 m) and Subalpine (3,015 m) sites suggests that these ecosystems retain N deposition. The
contrast in N transformation rates between the plains and foothills, both of which receive elevated N deposition,
may be due to spatial heterogeneity not captured in this study and warrants further investigation. Stream N
concentrations from the subalpine to the foothills were consistently low, indicating that these soils are currently
able to process and retain N deposition, but this may be disrupted if drought, wildfire, or land-use change alter
the ability of the soils to retain N.

Plain Language Summary Deposition of nitrogen (N) from the atmosphere can have important
implications for water quality and ecosystems. The amount and relative contribution of atmospheric nitrate
(NO5;™) and ammonium (NH, ") deposition can vary substantially along elevation gradients, influenced by
proximity to urban and agricultural sources and prevailing wind patterns. The structure and function of the
microbial community, soil composition, and precipitation patterns along these gradients are important factors in
how this N is transformed and transported and can ultimately affect water quality. For this study, we measured
atmospheric NO;~ and NH,* deposition, soil microbial community composition, N transformation rates, soil
carbon (C) and N content, and stream nutrient concentrations seasonally at several sites across a 1,400-m
elevation gradient in the Colorado Front Range. Results of our study showed that while sites in closer proximity
to urban and agricultural atmospheric N sources received greater atmospheric deposition of inorganic nitrogen,
processing of this nitrogen in the soils varied considerably. This suggests that a site's capacity to retain or lose N
depends on certain soil characteristics as well as the ability of the local microbial community to utilize N.

1. Introduction

Across the United States (U.S.), the quantity and form of reactive nitrogen (N) deposited from the atmosphere
have shifted over the past three decades due to regulations and land use change (Li et al., 2016). While emissions
and deposition of oxidized N (NO,) have significantly diminished due to the Clean Air Act Amendment of 1990
(Benish et al., 2022; Likens et al., 2021), emissions and deposition of reduced N (NH; and NH,*) remain un-
regulated and have either not declined or increased in some regions of the country (Benish et al., 2022; Driscoll
etal., 2024; Fenn et al., 2018; Li et al., 2016). Vehicles, agricultural activities, and biomass burning all contribute
to ammonia emissions (Felix et al., 2023; Fenn et al., 2018; Lindaas et al., 2021), making it likely that reduced N
deposition will remain elevated due to ongoing urban development, agricultural intensification, and increasing
wildfire activity. The resulting shift toward reduced N in atmospheric deposition (Benish et al., 2022; Du
etal., 2014) has implications for air quality, ecosystem biodiversity and productivity, and water quality. Although
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the long-term changes to atmospheric N deposition are well-documented and relatively straightforward, the
connections between changing N deposition and water quality are often challenging to untangle (Lassiter
et al., 2023; Lin et al., 2024), due to the many processes that can alter N once it is deposited on a terrestrial
environment and before it enters a water body.

Microorganisms within the soil play a pivotal role in processing N from atmospheric deposition, ultimately
influencing soil nutrient cycling and overall productivity (Fierer et al., 2012; Fog, 1988; Freedman et al., 2015;
Zhang et al., 2018). Ammonium (NH,*) and nitrate (NO;™) are typically the forms of N deposited from the
atmosphere and undergo various microbial-facilitated processes in the soil that affect their transformation,
mobility, and availability for plant growth (Booth et al., 2005; Li et al., 2019). Nitrification is an important
microbial process in soils that converts NH,* to NO; ™. It is characteristically facilitated by ammonia-oxidizing
archaea and bacteria (AOA and AOB), such as Nitrososphaera and Nitrosomonas, and nitrite-oxidizing bacteria
(NOB), such as Nitrobacter, although some species of Nitrospira are capable of complete ammonia oxidation to
nitrate (Daims et al., 2015; Van Kessel et al., 2015). Nitrification increases the availability of NO;~ for plant
uptake but can also lead to N loss through leaching and runoff.

In addition, soil microbes mediate the immobilization of N via incorporation into microbial biomass and soil
organic matter, thereby regulating N availability and nutrient cycling dynamics. Soil microbial community
composition and activity can vary spatially and temporally as environmental conditions, such as soil moisture,
temperature, pH, and nutrient availability shift. Altered nutrient availability due to N deposition can thus shape
the soil microbial community (Bowman et al., 2018; Fierer et al., 2012; Zhang et al., 2018); chronic N application
experiments have been shown to not only alter the composition of the active microbial community but also reduce
the activity of key enzymes that degrade plant material (Carreiro et al., 2000; Freedman et al., 2015). Fierer
et al. (2012) observed a shift from oligotrophic to copiotrophic microbial community composition in soils with
high N amendment (>270 kg N ha™' yr™"). This variability in microbial community affects the rates and effi-
ciency of N processing in terrestrial ecosystems, as different microbial species exhibit varying preferences and
efficiencies in N transformations (Crowther et al., 2019; Li et al., 2021; Philippot et al., 2013).

The Colorado Front Range, U.S., extending from the Boulder-Denver metro area in the east to the Continental
Divide in the west across variable vegetation, soil type and bedrock, is an ideal location to study the dynamics of
N deposition and soil N processing. The Colorado Front Range experiences opposing gradients of precipitation
and ammonia emissions, with the highest precipitation in the alpine and subalpine zones, and the highest ammonia
emissions from urban and agricultural activities on the plains (Felix et al., 2023). These opposing gradients result
in elevated N deposition of ~4.5 kg N ha™! yr™! in the urban and foothill ecosystems, and lower, yet still elevated,
deposition of ~2.5 kg N ha™" yr™" in the montane and subalpine ecosystems (Heindel et al., 2022; Wetherbee
etal., 2019). At the lower elevations, N deposition is strongly dominated by reduced N (72%), while at the higher
elevations, reduced and oxidized forms of N are more equivalent (58% reduced; Heindel et al., 2022). In addition
to the elevation gradient in N deposition, there is also extreme seasonal variability in N deposition, with the
greatest N deposition in the spring when ammonia emissions from vehicles, biomass burning, and agriculture
coincide with high precipitation (Felix et al., 2023; Heindel et al., 2022). With the growing population in the
Boulder-Denver metro area as well as a likely increase in N deposition due to the intensification of wildfires
(Westerling et al., 2006), it is likely that N deposition in this region, dominated by reduced forms of N, will remain
constant or increase in the future.

The Colorado Front Range has also been a region of active research into soil N cycling, especially at the Niwot
Ridge long-term ecological research site (e.g., Bowman et al., 2018; Lieb et al., 2011). In the alpine zone, there is
high spatial variability in rates of soil N processing across different ecosystem types, and soil moisture, tem-
perature, and carbon-to-nitrogen (C:N) ratios are key controls (Chen et al., 2020). In addition, long-term N
application experiments have demonstrated the sensitivity of the soil microbial communities to elevated N
availability, with oligotrophic taxa such as Acidobacteriota and Verrucomicrobiota decreasing in abundance with
increasing N addition (Brigham et al., 2022). Although positive net N mineralization rates are typically measured
in the alpine zone, contributing NO;™ to surface waters (Clark et al., 2021), microbial immobilization of N has
been measured during the growing season in the subalpine forests (Chen et al., 2020). In the montane forests, the
retention and transport of N differs between North-facing and South-facing slopes, with much less microbial
uptake of N on the drier South-facing slopes (Hinckley et al., 2014). Finally, in the lower elevation plains directly
adjacent to Boulder, accelerated soil N cycling has been linked to the presence of the invasive tall oatgrass
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(Arrhenatherum elatius subsp. elatius), although this connection is dependent on both site and season (Hinckley
et al., 2022). While this large body of previous research suggests that soil N cycling differs by elevation in the
Colorado Front Range, few studies have measured soil N processing across an elevation transect, while simul-
taneously quantifying atmospheric N deposition.

In this study, we investigated how soils along an elevation transect from the low-elevation plains to the subalpine
zone of the Colorado Front Range differ in their ability to process N. We hypothesized that the microbial
communities at different elevations would be distinct, due to differences in soil properties and rates of N
deposition. Due to these different microbial communities, we also hypothesized that rates of soil N trans-
formations would differ across the elevation transect, with faster rates of soil N transformations at the lower
elevation ecosystems where N deposition is greatest. In addition, we sampled water quality of small watersheds
across the elevation gradient to assess whether differences in N deposition and soil N cycling affected instream N
concentrations. Results from this study will help predict the ecosystem consequences of continued N deposition
across the Colorado Front Range.

2. Materials and Methods
2.1. Study Site

This study was conducted along an elevational gradient in the Boulder Creek Watershed, in the Colorado Front
Range (Figure 1). The watershed ranges in elevation from 1,480 to 4,120 m and can be divided into five major
climatic zones/ecoregions: Plains (1,450-1,800 m), Foothills (1,800-2,400 m), Montane (2,400-2,700 m),
Subalpine (2,700-3,500 m), and Alpine (3,500—4,120 m) (Figure 1; Murphy, 2006). Mean annual precipitation is
400-600 mm in the plains, foothills, and montane zones, and increases with elevation in the subalpine and alpine
regions to 1,100 mm near the Continental Divide (Murphy, 2006; Murphy et al., 2015). The plains region is
primarily underlain by sedimentary rock and alluvium, while the higher elevations are primarily underlain by
metamorphic and granitic bedrock (Figure 1). Land cover in the foothills through alpine regions is mostly forest,
with areas of shrub/scrub and herbaceous land cover, while land cover in the plains region is primarily developed
and herbaceous (Figure S1 in Supporting Information S1, Table 1, Table S1 in Supporting Information S1). The
Plains East site (CO85) was located within the city of Boulder adjacent to parking lots, a highly trafficked road,
and active construction (Heindel et al., 2022), and thus represented an area highly affected by urbanization
(Figure 1); due to the lack of undisturbed ground, no soil samples were collected. Soil samples were instead
collected from the Plains West site (FP), located immediately west of the urban boundary of the city of Boulder on
grassland that has been preserved as open space.

2.2. Atmospheric N Deposition

Atmospheric N deposition was measured at sites in the plains, foothills, montane, and subalpine regions. We
evaluated wet deposition N data from the National Atmospheric Deposition Program National Trends Network
(NADP-NTN) sites CO84, CO85, CO9%4, and CO90 (Figure 1, Table 1; National Atmospheric Deposition Pro-
gram, 2022; Wetherbee et al., 2019; Wetherbee et al., 2021). Ion exchange resin (IER) columns were co-located
with samplers deployed by the NADP-NTN at sites CO84, CO85, CO94, and CO90, and were installed at one
additional site in the plains region (Plains W/FP) (Figure 1, Table 1; National Atmospheric Deposition Pro-
gram, 2022; Wetherbee et al., 2019; Wetherbee et al., 2021). The IERs, which collected wet and dry deposition,
were deployed for 2—-3-month intervals during the snow-free months in spring, summer, and fall of 2018 and
2019. Samples were collected at the Plains E, Foothills, and Montane sites for all intervals during the study period,
at the Plains W site in May-June (MJ) and July-September (JAS) 2018, and at the Subalpine site in May-June
(MJ), July-August (JA), and September-October (SO) 2019. IERs were extracted with 2 molar (M) potassium
chloride (KCI), and the resultant extracts were analyzed for NH,* and nitrate plus nitrite (NO;~ + NO,"). Due to
incompatibility of the IER columns during winter conditions, from Jan-Apr 2019 it was necessary to utilize
nitrogen data collected from NADP-NTN collectors for statistical analyses during that 4 month period. In the
study by Heindel et al. (2022), nitrogen deposition results from the IER collectors were shown to relate well to
results from NADP-NTN collectors. Detailed site information and IER methods are described in Heindel
et al. (2022) and Repert et al. (2021).
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Explanation
/\ Soil and atmospheric samples
O Atmospheric samples only
® Water-quality site
I 2 2 Boulder Creek Watershed
[ Study watershed
—— Stream
Climatic zone
[ Plains
Foothills
Montane
Subalpine
[0 Alpine

Geology
Quaternary alluvium,
colluvium, or till
Pierre shale
[ Other sedimentary
Boulder Creek granodiorite
[ Gneiss or schist
[0 Other granitic rocks
Other
[0 Water

[0 Forest

[ Shrub, scrub
Herbaceous

' Developed

Il Crops, hay/pasture
Barren, snow/ice

I Open water
Wetlands

Figure 1. Maps of Boulder Creek Watershed, Colorado and study sites showing (a) climatic zones (adapted from
Murphy, 2006); (b) geology (Cole & Braddock, 2009; Kellogg et al., 2008); and (c) 2019 land cover (Dewitz & U.S.
Geological Survey, 2021).

2.3. Soil Collection, Processing, and Characterization

Soil samples were collected five times from October 2018 to October 2019 at the Montane, Foothills, and Plains
W sites adjacent to where IER assemblies were deployed. Soil samples were collected once, in August 2019, at the
Subalpine site (Table 1). Soil cores from the top 0—10 cm were collected at each site, composited, sieved to <2-
mm size fraction, and the coarse size fraction discarded. Soil subsamples were characterized at all sites for percent
moisture content, C and N content, and pH. Soil plant available N was determined using a combination of
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Table 1

Detailed Site Information and Sample Types, Locations, and Collection Times for This Study

Ecosystem Plains East (E) Plains West (W) Foothills Montane Subalpine

Atmospheric and soil samples
Site CO85 FP CO84 C09%4 CO90
Elevation (m) 1600 1700 1978 2527 3015
Surface geology® Alluvium Shale Granodiorite Granodiorite Glacial till
Land cover” Developed Grassland Grassland Forest Forest

Dates of IER
installations

April-June 2018

June—September
2018

October—November
2018

May—July 2019

July—September
2019

September—
November 2019

Dates NADP data used® January—April 2019

Dates of soil collection -

Water quality samples
Ecosystem
Watershed

Elevation at sampling
site (m)

Drainage area (km?)*

Mean annual
precipitation (mm)*

Dominant geology®

April-June 2018
June—September 2018

9 October 2018
8 February 2019
13 May 2019
5 August 2019
20 October 2019

Foothills
Lost Gulch
1766

445
534

Granodiorite

April-June 2018
June—September 2018

October—November 2018

May—July 2019
July—September 2019

September—November 2019

January—April 2019
9 October 2018
8 February 2019
13 May 2019
5 August 2019
20 October 2019

Foothills
Hawkin Gulch
1829

3.55
541

Granodiorite

April-June 2018 -
June—September 2018 -

October—November -
2018

May-July 2019 May-July 2019
July—September 2019  July—September 2019

September— September—
November 2019 November 2019

January—April 2019 —
9 October 2018 -
8 February 2019 -
13 May 2019 -

5 August 2019 5 August 2019
20 October 2019 =

Montane Subalpine/Alpine
Gordon Gulch Como Creek
2435 3018
2.69 4.82
511 892

Gneiss or schist Gneiss or schist,

glacial till

% Forest” 94.0 98.8 94.0 58.8

Dates of water-quality 8 April 2019, 20 May 2019-2 8 April 2019, 30 May 2019-13 30 May 2019-30 12 June 2019-30
sampling August 2019° August 2019° August 2019 August 2019

Number of samples 9 10 10 8

Note. Atmospheric and soil samples.IER, Ion-exchange resin; NADP, National Atmospheric Deposition Program. “Geology: Cole & Braddock (2009); Kellogg et al.
(2008). ®Land cover and percent forest (2019): Dewitz and U.S. Geological Survey (2021). “IER data not collected due to winter conditions, NADP data used instead.
“Drainage area and mean annual precipitation (1971-2000): U.S. Geological Survey (2019). °Sampling ended when stream channel went dry.

deionized water and KCl extraction methods. KCl is a more efficient extractant of NH,* and NO; ™~ from soils (Li
et al., 2012) but can negatively impact NO,™ by conversion to gaseous N (Homyak et al., 2015). To determine
whether measurable NO,~ was available in the soils the deionized water extraction method was employed in
addition to the KCl extraction method. This method also allowed for the analysis of total dissolved nitrogen
(TDN) and an estimate of organic nitrogen (OrgN) by difference. Soil bulk density was determined at the
Foothills and Montane sites, but not the Plains W and Subalpine sites due to access issues at the time of sampling.
Further details of the methods used can be found in Repert et al. (2023).
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2.4. N-Cycling Processes

Net nitrification, net N mineralization, and nitrification potential rates were determined at each site following the
methods of Hart et al. (1994). Further details are described in Repert et al. (2023). Briefly, net nitrification and N
mineralization rates were determined by adding <2-mm sieved, field-moist soil to 100-mL amber glass jars and
incubating undisturbed at room temperature. Duplicate jars were processed after approximately 0, 1, 2, and
3 weeks by extracting with 2 M KCI. Samples were preserved and analyzed for NO;~ + NO,” and NH,*
concentrations. Net nitrification rates were determined by measuring the change in concentration of
NO;™ + NO,™ from the first collection timepoint (T) to the last collection timepoint (T;) and net N minerali-
zation by measuring the change in concentration of NO;~ + NO,~ and NH,* from T, to T;. Nitrification potential
rates were determined by combining 15 grams (g) of <2 mm sieved, field moist soil with 100 mL of a 1.5 mM
(NH,4);PO, solution, adjusted to pH 6.6, in triplicate 125 mL Erlenmeyer flasks. The flasks were mixed at room
temperature on an orbital shaker and 5 mL subsamples removed from two of the three flasks after ~2, 6, 18, 24,
30, 43, 51, 68 hr, then filtered and preserved for NO;~ + NO, ™ analysis. The third replicate flask was used to
measure pH at each timepoint. At the final timepoint the remaining sample was filtered and preserved for
NO;~ + NO,~, NH,*, TDN, and dissolved organic carbon (DOC) analysis. Nitrification potential rates were
determined by measuring the NO;~ 4+ NO,™ concentration change over time (Repert et al., 2023).

2.5. Molecular Characterization

DNA was extracted from soil using the DNeasy PowerSoil kit (Qiagen, Inc., Germantown, MD, document #HB-
2266-002) and quantified using Promega™ QuantiFluor® dsDNA Dye System (Promega, Madison, WI) on a
Denovix DS-11 Fluorometer (Denovix, Wilmington, DE). Extracted environmental DNA (eDNA) was stored at
—20°C until downstream analysis. Prior to sending to Michigan State University (MSU) Research Technology
Support Facility (RTSF) for Next-Generation Sequencing, extracted samples were normalized to a concentration
of approximately 1 nanogram per microliter (ng uL™") by diluting with high grade molecular water. At MSU
RTSF, Illumina amplicon libraries, iTags (Illumina, Inc., San Diego, CA), were generated by amplification of the
V4 hypervariable region of bacterial and archeal 16S rRNA gene using dual indexed, [llumina compatible primers
(515£/806r) (Caporaso et al., 2011) and sequenced following a standard protocol (Kozich et al., 2013). Demul-
tiplexed reads in FastQ format were paired and processed using QIIME 2™ version 2020.8 (Bolyen et al., 2019) at
the USGS Advanced Research Computing (ARC) Yeti facility. Demultiplexed paired-end sequences were im-
ported into QIIME 2™ (giime tools import) then joined and denoised using Dada2 (qiime dada2 denoise-paired)
to resolve nucleotide level differences between amplicon sequence variants (ASVs) (Callahan et al., 2016). ASVs
were aligned using the MAFFT program (Katoh et al., 2002) and a phylogenetic tree was generated using
FastTree (Price et al., 2010) from the masked alignment. ASVs were assigned taxonomy using the feature
classifier plugin (Bokulich et al., 2018) with the classify-sklearn naive Bayes taxonomy classifier method (qiime
feature-classifier classify-sklearn) against Silva 99% reference sequences (Silva NR 138.1) (Pruesse et al., 2007;
Quastetal., 2012; Robeson et al., 2021; Rognes et al., 2016). Beta diversity metrics (weighted UniFrac, Lozupone
et al., 2007), and Principal Coordinate Analysis (PCoA) were performed with samples rarefied to 26,281 se-
quences per sample (giime diversity core-metrics-phylogenetic).

Quantification for the gene encoding the active-site polypeptide of ammonia monooxygenase (amoA) from
Betaproteobacteria (Rotthauwe et al., 1997) was performed by Real-time polymerase chain reaction (quantitative
PCR, gPCR) on a CFX96 Touch Real-Time PCR Detection System (BioRad, Hercules, CA). Fluorescence data
were acquired from the instrument using CFX Manager™ software (https://www.bio-rad.com/en-us/sku/
1845000-ctx-manager-software?ID=1845000). Gene copy numbers were determined against a calibration curve
of plasmid standards (10°~10® copies) and then normalized to DNA sample volume (gene copy pL™"). DNA
concentrations in the soil (copy number g~") were determined by normalizing the total gene copy yield to the mass
of dry soil used in each DNA extraction. Further details of primers used, and thermal cycling conditions can be
found in Repert et al. (2023).

2.6. Water Quality

Stream discharge and water quality were monitored in four minimally disturbed watersheds near the atmospheric
and soil sample locations: Como Creek, which spans the subalpine and alpine region; Gordon Gulch, in the
montane region; and Hawkin and Lost Gulches, which primarily drain the foothills region (Figure 1; Table 1).
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Como Creek and Gordon Gulch are described in Williams et al. (2011), and Hawkin and Lost Gulches are
described in Bukoski et al. (2021). Small watersheds in the plains area of the study contain urban development
which introduces other N sources that would obscure the atmospheric signal, and thus were not sampled. Stream
discharge of Hawkin and Lost Gulches were measured using a flow meter (AquaCalc Pro, JBS Instruments,
Columbus, OH, USA); discharge of Gordon Gulch was obtained from Hydroshare (https://www.hydroshare.org/
resource/c2384bd1743a4276a88a5110b1964ce0/); and discharge of Como Creek was obtained from NEON
(https://www.neonscience.org/field-sites/como). Between 8 and 10 water-quality samples were collected as grab
samples at the sites between April 2019 and August 2019 (Table 1). Water sampling methods followed standard
techniques of filtering and preserving samples for laboratory analysis (Bukoski et al., 2021; McCleskey
et al., 2012; Repert et al., 2024).

2.7. Analytical Methods

Water quality samples and deionized water extractions of soil samples were analyzed for major anion and cation
concentrations using a Dionex Model ICS-5000 ion chromatograph (Smith et al., 2019), TDN concentration using
a Skalar Formacs™ Total Nitrogen analyzer equipped with an ND25 Total Nitrogen detector (Repert et al., 2014),
and DOC concentrations by persulfate/UV oxidation using a Teledyne Tekmar Fusion TOC analyzer or an
Oceanographic Instruments Analytical TOC analyzer Model 700 (Potter & Wimsatt, 2005 (EPA 415.3)). KCI-
extracted soil samples were analyzed for NO;~ + NO,~ and NH,* concentrations by colorimetric detection
using a SEAL Analytical AQ300 discrete analyzer. Total C and N content of the soil was determined by com-
bustion at 980°C using an Exeter CE440 Elemental Analyzer (Smith et al., 2013). Ion exchange resin column KC1
extracts were analyzed for NO;~ + NO,™ and NO, ™ only concentrations using a Sievers Model 280i Nitric Oxide
Analyzer with chemiluminescent detection (Garside, 1982) and for NH,* concentration by colorimetric spec-
trophotometry using the indophenol blue method (Scheiner, 1976). Additional method details are available in
Repert et al. (2021, 2023, 2024) as well as Text S1 in Supporting Information S1.

Statistical analyses were performed in XLSTAT (https://www.xlstat.com/en/) to determine relationships between
environmental variables, using Pearson's correlation, and to determine significant differences between sites, using
the Kruskal-Wallis non-parametric test. PCoA and Redundancy analysis (RDA) were determined using R version
4.1.0 with the package psych (Revelle, 2024) to investigate correlations among predictors and the package vegan
(Oksanen et al., 2024) using family-level taxa with 2% relative abundance or greater (R Core Team, 2024).

3. Results
3.1. Atmospheric N Deposition Using Ion Exchange Resin (IER) Columns

Atmospheric deposition of total inorganic nitrogen (TIN) followed the expected pattern with elevation, with more
TIN deposited at the lower elevations adjacent to urban and agricultural emissions (Figure 2) (Heindel
et al., 2022). However, this elevation gradient was seasonally dependent; it was most pronounced during the
spring months (MJ), when total levels of TIN deposition were highest across all elevations. The elevation gradient
was also evident during the fall months (SON), but total levels of TIN deposition were much lower. During the
summer months (JAS), there was little difference in TIN deposition across the elevation gradient.

Across all elevations and seasons, TIN deposition was dominated by reduced forms of N, accounting for 55%—
84% of total N deposition (Figure 2, Figure S2 in Supporting Information S1). The proportion of reduced to
oxidized forms of N also varied by season, with the highest proportion of reduced N deposited during the spring
months, especially at the lower elevation sites. In other words, the spatial and seasonal patterns in TIN deposition
described above were driven by patterns in reduced N deposition; there was less spatial and seasonal variation in
oxidized N deposition.

3.2. Soil Characteristics

Soil total C and N also followed a pattern with elevation, with % C, % N, and the C:N ratio decreasing from the
low-elevation Plains W site to the Montane site (Table 2, Table S2 in Supporting Information S1). While the
percent N was lowest at the Subalpine site (continuing the elevation gradient), the percent C was highest, resulting
in a much higher C:N ratio for the subalpine site (33.2) compared to the other sites (12.6-11.9). The Subalpine site
was also distinct in soil pH, with a much lower value (5.39) compared to the narrow range of average soil pH
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Figure 2. Seasonal deposition rates of ammonium (NH4+) and nitrate plus nitrite (NO;~ 4+ NO, ") at the Plains (E and W),
Foothills, Montane, and Subalpine sites, in kilograms nitrogen per hectare per day (kg N ha~' d™"). Ion exchange resin (IER)
columns were deployed for 2-3 month periods during the snow free months in 2018 and 2019, where MJ = May-June,
JAS = July-September, ON = October-November, JA = July-August, and SO = September-October.

measured across the other elevations (6.57-6.76) (Table 2). Statistical analyses (Kruskal-Wallis pairwise com-
parisons) of the three primary sites (Plains W, Foothills, and Montane) showed soil % C and % N at the Plains W
site was significantly (p < 0.024) higher than the Foothills and Montane sites, but the Foothills and Montane sites
were not significantly different from one another. Soil C:N and pH were not significantly different between the 3
primary sites. Soil bulk densities measured at the Foothills and Montane sites were 1.46 and 1.35 g cm™>,
respectively, similar to values previously reported for montane sites in the Colorado Front Range (Hinckley

et al., 2017).

In terms of the extractable nutrients, deionized water N extractions revealed an elevation gradient mirroring the
soil total N pattern, with more total N extracted from soils from the lower elevation sites, with the exception of the
ON 2018 season (Figure 3a). Oxidized inorganic N was higher in concentration than reduced inorganic N in
deionized water extractions, with the exception of JA 2019 at the Subalpine, Foothills, and Plains sites. Reduced
inorganic N was extracted more readily with KCI, with 2-5 times more reduced inorganic N measured in KCI
extractions compared to the deionized water extractions (Figures 3a and 3b). Oxidized inorganic N concentrations
were similar between the KCI and deionized water extractions.

Extractable DOC followed a pattern similar to the soil total C, with the most DOC extracted from soils at the
Subalpine and Plains W sites, with the exception of the ON 2018 season (Figure 3c). In terms of seasonal
variability, the Foothills and Plains W sites had the highest concentrations of DOC extracted in JA 2019, while the
Montane site had the highest concentrations in ON 2018.

Table 2
Soil pH, Percent Carbon and Nitrogen, and Carbon to Nitrogen Ratio at the Study Locations From October 2018 to October
2019

Ecosystem pH* Carbon® (%) Nitrogen® (%) C:N® Soil bulk density® (g cm™>)
Plains W 6.57 4.46 + 0.84 0.35 £ 0.04 12.6 £ 0.88 -

Foothills 6.76 2.99 + 0.37 0.25 + 0.03 12.1 + 1.03 1.46

Montane 6.67 2.46 + 0.50 0.21 + 0.05 11.9 £ 0.93 1.35

Subalpine 5.39 4.84 0.15 33.2 -

*The averages of the hydrogen ion concentrations were used for calculation of pH. ®Values are averages and standard de-
viations of percent (%) carbon and nitrogen and carbon-to-nitrogen ratio (C:N). “Soil bulk density values are in grams per
cubic centimeter (g cm™).
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Figure 3. Deionized water (H,0) and potassium chloride (KCI) extractions of <2 mm sieved air-dried soil collected from the Montane, Foothills, and Plains W sites from
October-November (ON) 2018 to September-October (SO) 2019 and the Subalpine site in July-August (JA) only, showing (a) mass of ammonium (NH, ™), nitrate plus
nitrite (NO;~ 4+ NO, "), and organic N (Org N) extracted using deionized water, (b) mass of ammonium (NH4+) and NO;™ + NO, ™ extracted using KCl, and (c) mass of
dissolved organic carbon (DOC) extracted using deionized water, as milligrams nitrogen or carbon per kilogram of dry weight soil (mg N or C kg™"). For continuity of
figures, date abbreviations correspond to dates of IER deployment rather than the date the soil was collected.
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3.3. N-Cycling Processes

Net nitrification and N mineralization rates exhibited pronounced seasonal fluctuations across all sites. This was
especially notable at the Foothills site, with near zero rates during the winter months of JFEM 2019 and the summer
in JA 2019, contrasting with positive rates during the fall of ON 2018, the spring of MJ 2019, and the fall of SO
2019 (Figures 4a and 4b). Soil net N mineralization rates were positive at the Plains W, Montane, and Subalpine
sites (Figure 4b). The Subalpine site exhibited near-zero net nitrification rates in JA 2019 alongside significantly
positive mineralization rates. The abundance of amoA (Figure 4a), the gene responsible for NH,* oxidation, was
significantly positively correlated with net nitrification and mineralization rates (p < 0.0001 and p = 0.0003,
respectively) (Figure S3 and Table S3 in Supporting Information S1). While amoA abundance varied across sites,
it was substantially higher at the Plains and Montane sites, coinciding with elevated net N mineralization rates,
and lower at the Foothills and Subalpine sites, where nitrification and mineralization rates were comparatively
diminished.

Throughout all seasons except SO 2019, nitrification potential rates were consistently greater at the Plains W site
compared to the other sites (Figure 4c). Conversely, the Subalpine site exhibited negligible nitrification potential
rates during JA 2019. There was less variability in nitrification potential rates (Figure 4c) across the sites
compared to net nitrification (Figure 4a).

3.4. Taxonomy

Soil microbial community taxonomic composition showed minimal variability across sites or seasons, with the
obvious exception of the Subalpine site (Figure 5). The soil communities were predominantly from the Acti-
nobacteriota, Proteobacteria, Bacteroidota, Acidobacteriota, and Verrucomicrobiota phyla at the Montane,
Foothills, and Plains sites. Within those phyla Solirubrobacterales_67-14, Xanthobacteraceae, Chitinophaga-
ceae, Vicinamibacterales_uncultured, and Chthoniobacteraceae families dominated. Archaea and bacteria
within the family Nitrososphaeraceae (aqua bars) in the phylum Crenarchaeota were evident at all sites, making
up 0.3%-2.9% of the microbial community, but were a very minor component of the microbial community
(<0.02%) at the Subalpine site. Microorganisms within this family are known ammonia oxidizers. The pre-
dominant families at the Subalpine site were found in the Proteobacteria and Acidobacteriota phyla, in particular
Xanthobacteraceae, Sphingomonadaceae, Acidobacteriales_uncultured, and Acidobacteriae_subgroup_2.

Principal Coordinate Analysis (PCoA) of weighted UniFrac distances was used to compare differences in the
microbial composition between the different sites and seasons (Lozupone & Knight, 2005) with 56.3% of the
dissimilarities explained by the sum of the first (PC1) and second (PC2) principal coordinates (Figure 6). The
microbial community was substantially different at the single Subalpine site collection (JA 2019) compared to the
Montane, Foothills and Plains W sites collected during the 5 sampling times (Figure 6a). At the three primary
sites, slight seasonal variations in microbial communities were observed, with the Plains site exhibiting the most
pronounced shifts across seasons, while the Foothills site remained relatively stable (Figure 6b). The spring
communities (MJ 2019) appeared to cluster together, as did the winter communities (JEM 2019).

Redundancy analysis (RDA) was used to identify the primary variables that explained the microbial community
dissimilarity at the three primary sites, excluding the Subalpine site. Soil pH, % soil moisture, soil C:N, microbial
biomass (ng DNA/gDW soil), atmospheric NH,* deposition, KCl-extractable NH,*, deionized water-extractable
NO;™ + NO, ™, and 2-week antecedent precipitation were the most relevant environmental variables, explaining
51.4% of the variation in family-level (>2% maximum relative abundance) microbial composition (p = 0.001)
(Figure 7). With the exception of the ON 2018 collection, the Plains W site was strongly positively correlated with
extractable NO; ™ + NO,~ and NH,* and negatively correlated with soil pH and microbial biomass. The Montane
and Foothills sites were positively correlated with atmospheric NH,* deposition and antecedent (cumulative 2-
week prior) precipitation, and negatively correlated with % soil moisture (Figure 7).

3.5. Water Quality

Stream runoff and stream DOC concentrations showed a strong elevation gradient, while TDN and N species
concentrations had no substantial difference with elevation (Figure 8, Table S4 in Supporting Information S1).
Substantially higher runoff was measured in Como Creek, the subalpine/alpine watershed, due to it receiving
about 70% more precipitation than the other watersheds (Table 1). DOC concentrations followed a similar
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Figure 7. Redundancy analysis (RDA) showing the linear relationships between non-redundant environmental variables and
components of microbial community variation, where C:N = carbon to nitrogen ratio, D-Ext NOx = deionized water
extractable nitrate plus nitrite (NO;~ + NO, "), K-Ext NH4 = KClI extractable ammonium, ng DNA/gDW = microbial
biomass in nanograms of deoxyribonucleic acid per gram of dry weight soil, 2-week Precip = cumulative 2-week prior
precipitation, and NH4 Dep = atmospheric ammonium deposition.

elevational trend; highest DOC concentrations were measured in Como Creek, with DOC concentrations ranging
between 1.7 mg L™" in August to 8.7 mg L™" in June 2019 (this site was not accessible prior to June 2019). The
two foothills sites, Lost and Hawkin Gulches, had the lowest stream discharge and DOC concentrations, with
DOC concentrations ranging between 2.2 and 5.4 mg L™". Runoff and DOC concentrations were closely related at
all sites (% 0.727-0.976, p < 0.05; Table S4 in Supporting Information S1) and both generally decreased over the
summer as contributions from snowmelt decreased and flow paths shifted from near-surface to deeper flow paths
(Boyer et al., 1997; Bukoski et al., 2021). Concentrations of N species were low at all sites. TDN concentrations
were between 0.057 and 0.380 mg L™ and showed no discernible trends across elevation; TDN was closely
related to runoff at the montane and subalpine/alpine (GG and Como) watersheds (*0.710 and 0.768, p < 0.05),
but not at the foothills watersheds (Figure 8). The majority of N was usually in the form of OrgN; NH," was
usually below the detection limit (0.02 mg L™") and was always less than 0.06 mg L™". The Foothills site Hawkin
Gulch had the highest NO;™ concentrations, but usually the lowest OrgN concentrations (Figure 8).

4. Discussion
4.1. Spatial and Temporal Variability

As anticipated, atmospheric deposition and soil properties varied systematically along the steep elevation transect
of the Colorado Front Range. As we have demonstrated in these results and in previous work (Heindel et al., 2022;
Wetherbee et al., 2019), there was a clear gradient in atmospheric deposition with elevation. We observed higher
rates of N deposition, especially in reduced forms, at the lower elevation sites closer to urban and agricultural
sources. In the soils, concentrations of total N and extractable N also decreased with increasing elevation in
tandem with atmospheric deposition. While we observed a similar pattern in total and extractable C for the
Montane, Foothills, and Plains W sites (lower concentrations at the montane compared to the plains), the Sub-
alpine site was distinct, with very high concentrations of total and extractable C. The high levels of soil C at the
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Figure 8. Surface water data collected from study watersheds, showing (a) runoff, in millimeters per day, (b) total dissolved nitrogen (TDN), in milligrams (mg) nitrogen
(N) per liter (L), (c) dissolved organic carbon (DOC), in mg carbon (C) per L, (d) organic nitrogen (OrgN), in mg N per L, and (e) nitrate (NO; ™), in mg N per L. The
relationships of runoff to stream concentrations of nitrogen and carbon are shown in (f)—(i). The subalpine site (Como) relationships are shown in the inset of plots (f)—(i).

Subalpine site are associated with low soil pH and high rates of organic matter input from the subalpine vegetation
(Chen et al., 2020; Clow & Sueker, 2000).

Given the gradients in soil characteristics and atmospheric N deposition, we anticipated distinct microbial
communities in the soils along the elevation transect. However, we found that while microbial communities were
distinct at the Subalpine site, the communities at the other three sites were very similar. The low soil pH, high C:N
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ratio, and potentially anoxic conditions of the Subalpine site soil are likely responsible for the larger proportion of
Acidobacteriota, which are known to thrive in acidic environments, and the very small proportion of the known
ammonia oxidizers Nitrososphaeraceae found at that site (Figure 5). While the majority of soil microbial
community research conducted in the Colorado Front Range has focused on the alpine zone (e.g., Lipson
et al., 2002; Williams et al., 2007), the community composition we observed at the Montane site aligns with other
previous research at this site, which found similar dominant taxa in surface soils (Eilers et al., 2012; Gabor
et al., 2014). It is important to note that while the microbial communities did not differ significantly across the
three lower elevation sites, the total microbial biomass was generally less at the Montane site compared to the
other sites (see Repert et al., 2023), which may have important implications for N transformations. Indeed, a
recent comprehensive review found that soil microbial biomass was the main driver controlling N transformation
rates and thus N availability (Li et al., 2019).

Rates of N transformations varied significantly across the elevation transect but did not follow the systematic
pattern we anticipated, or the microbial community composition differences described above. At the Subalpine
site, the low proportion of ammonia oxidizers (Nitrososphaeraceae) (Figure 5) corresponded with a low abun-
dance of amoA, the gene responsible for ammonia oxidation, as well as low net nitrification and nitrification
potential rates. This trend is likely attributable to the lower pH levels at this site, which may inhibit the oxidation
of NH," through nitrification. This Subalpine site has previously been found to have negative net N minerali-
zation during the growing season (Chen et al., 2020). Interestingly, the Foothills site also had a low abundance of
amoA and low net nitrification and mineralization rates, even though the proportion of ammonia oxidizers did not
differ from the microbial communities at the Plains and Montane sites. Nitrification potential rates at the Foothills
site, however, were equivalent to those at the Montane site, suggesting that the microbial population at the
Foothills site has the capacity to oxidize ammonia, but was allocating more N toward microbial growth, especially
during the winter and summer seasons. The lack of nitrification in the subalpine and the microbial immobilization
of N in the foothills make these ecosystems potentially important in the retention of atmospherically deposited N.

The vegetation and soil composition at the four sites in this study very likely played a role in the variability in N
cycling rates. Certain species of trees and grasses have been shown to influence soil N cycling activity by
competing with microorganisms for NO;~ and NH,* (Chen et al., 2024; Meister et al., 2023) or by inhibition of
biological nitrification through the production of root exudates (e.g., monoterpenes, brachialactone) that block
enzymes responsible for the oxidation of NH; to NO;~ by AOA and AOB (Nardi et al., 2020; Subbarao
et al., 2009, 2012; Ward et al., 1997). Recently, Lafitte et al. (2020) demonstrated that spruce and Nordmann fir
(Abies nordmanniana Spach.) litter and soil extracts inhibited the growth of the nitrite-oxidizing bacteria (NOB),
Nitrobacter hamburgensis. In addition, soils with high C:N (>30) often lead to net N immobilization relative to
mineralization as the demand for N increases to support microbial growth (Girkin & Cooper, 2023; Stevenson &
Cole, 1999; Verhagen & Laanbroek, 1991). In our study, the composition of the vegetation and soil at the
Subalpine site, where evergreens dominated and the soil C:N was greater than 30, was significantly different
compared to the Plains, Foothills, and Montane sites where soil C:N averaged ~12. Subtle differences in
vegetation at these three sites may have also contributed to the variability in N cycling activity evident at the
Foothills site, where net nitrification and N mineralization rates were near zero during the winter and summer
sampling events and the nitrifying gene, amoA, was overall less abundant.

Our results point to an interesting difference between the plains and the foothills that warrants further investi-
gation. At the sites we sampled, the plains soils followed our expectations, with high rates of net nitrification, N
mineralization, and nitrification potential, suggesting the presence of a larger or more active nitrifying population
at this site. This suggests that the reduced N deposited at this lower elevation site is quickly oxidized and may be
mobilized rapidly from the soil, contributing to NO;~ concentrations in nearby stream water. Conversely, the
Foothills site, which also receives high levels of reduced N in atmospheric deposition, may retain deposited N as
NH,* or as microbial biomass. Previous work at the montane elevation of the Colorado Front Range has identified
important hydrologic controls on the ability of soils to retain N, with greater microbial N uptake on north-facing
slopes where there is sufficient contact time for N to be retained in organic pools (Hinckley et al., 2017). Given
this known spatial variability (Hinckley et al., 2014, 2017), the differences we observed between the Plains W and
Foothills sites may be due to smaller-scale variability in hydrologic flow paths and microbial biomass, rather than
a consistent pattern across the elevation transect. Regardless of the scale, however, our results suggest that there is
significant spatial variability across the lower elevations of the Colorado Front Range in the ability of soils to
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Figure 9. Schematic based on the results of this study, showing the nitrogen (N) processes, microbial community structure,
and atmospheric deposition of reduced nitrogen (ammonium) and oxidized nitrogen (nitrate and nitrite) measured at study
sites from the subalpine to plains. The size of the arrows and circles indicate the relative contributions of the N cycling
processes and N pools, respectively, found at each site.

transform and retain atmospherically deposited reduced N, even when soil properties and microbial communities
are similar (Figure 9).

While atmospheric deposition follows a clear seasonal pattern, with highest deposition rates during the spring
months, rates of soil N transformations and the soil microbial community composition did not follow a consistent
seasonal pattern. This lack of seasonal variability in the soil microbial community composition contrasts with
previous work from the alpine zone, where soil microbial biomass and community structure follow clear seasonal
patterns driven by the extreme swings in temperature and snowmelt (Lipson et al., 2002; Lipson & Schmidt, 2004;
Nemergut et al., 2005). Instead of seasonal variability, the greatest temporal variability we observed was between
the two fall seasons that we sampled, ON 2018 and SO 2019 (Figure 4). In ON 2018, the montane soils had
unusually high concentrations of extractable nutrients and high rates of net nitrification and N mineralization,
while the plains soils had unusually low concentrations of extractable nutrients and low rates of N trans-
formations. On the other hand, SO 2019 was more similar to the other seasons, with the plains having higher
concentrations of extractable nutrients and rates of N transformations compared to the montane. Although we are
unable to say definitely what drove this interannual variability, 2018 was a drier year in the Colorado Front Range
compared to 2019 (Heindel et al., 2022), and antecedent soil moisture is an important control on N transformation
rates (Chen et al., 2020; Hinckley et al., 2017). This interannual variability is another area for further investi-
gation, given the increasing potential for extreme weather events and extended drought conditions in the western
U.S. (Zhang et al., 2021).

4.2. Current and Future Implications for Water Quality

Currently, export of NO;™ to streams is low in the montane and foothills watersheds analyzed here. Levels of N
deposition in these watersheds (~5 kg N per hectare per year) are below a threshold level of roughly 5-15 kg N
per hectare per year that leads to leaching of NO;™ to streams in forested ecosystems (Lassiter et al., 2023; Lin
et al., 2024). The lack of recent changes in stream NO;~ in the western region of the U.S. has been attributed to
these relatively lower loads of N deposition compared to the eastern U.S., where changes are much more apparent
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and can be more clearly tied to reductions in N deposition in recent decades (Lin et al., 2024). However, if this
region were to see increased levels of nitrogen deposition above 5-15 kg N per hectare per year in the future, it
could potentially lead to leaching of nitrate and increased concentrations in nearby surface waters. In addition, it is
important to note that the atmospheric deposition of 4-5 kg N per hectare per year may still be above the critical
load for this region; significant ecological consequences of chronic N deposition have been well documented in
the Colorado Front Range (e.g., Baron et al., 2000).

The ability of soils to process and retain N deposition at the mid-elevations of the Colorado Front Range may
contrast with soils at the highest and lowest elevations of the elevation transect. In the alpine zone, persistently
high stream water NO;~ concentrations may be the result of microbially processed atmospheric reduced N
deposition (Clark et al., 2021). In this ecosystem, thin soils, steep slopes, and limited vegetation may limit the
ability of the terrestrial environment to retain N, enhancing the impact of atmospheric N deposition on water
quality (Clow & Sueker, 2000; Mast et al., 2011, 2014). Indeed, in the Loch Vale watershed in Rocky Mountain
National Park, the critical load was hindcast to be 1.5 kg N per hectare per year, well below the current rates of
deposition in the alpine zone (Baron, 2006). At the lowest elevation plains ecosystems, less is known about the
direct impact of N deposition on water quality, given the confounding inputs from other sources, such as fertilizer
runoff and wastewater discharge. A recent modeling paper attributes 25%—44% of the estimated South Platte
River total N load at the Denver gage to atmospheric deposition, one-third of which was attributed to urban
deposition, suggesting that there is a significant impact of atmospheric deposition to water quality at the lowest
elevations of the elevation gradient (Wetherbee et al., 2022). However, additional monitoring and modeling
efforts are needed to verify these results across the plains ecoregion.

While the current rates of N deposition and soil N retention may allow the mid-elevations of the Colorado Front
Range to absorb elevated N deposition without impairing water quality, a number of factors may alter current
conditions. First, this region will likely see continued increases in the deposition of reduced N, given the rapid
development of the Denver metro area and agricultural intensification. While the conversion of agricultural land
to suburban development has the potential to decrease agricultural ammonia emissions, vehicles are an
increasingly significant source of ambient ammonia to this region (Felix et al., 2023). Second, changes to pre-
cipitation patterns—extreme precipitation events, extended drought, and changes to the balance between rain and
snow—will likely impact mobilization of chemical constituents (Hinckley et al., 2014). Third, wildfire is a
growing concern in the western U.S.; wildfires have the potential to not only contribute to reactive N emissions,
but also to severely limit the ability of the soil to retain and process N (Heindel et al., 2022 and citations within).
Several studies have observed sustained elevated NO;~ concentrations for at least 5 years after wildfire in the
Colorado Front Range (Mast et al., 2016; Murphy et al., 2015, 2018; Rhoades et al., 2019). Finally, changing land
cover, from development, invasive species (Hinckley et al., 2022), or from drought and wildfire disturbances has
the potential to reduce the terrestrial demand for N, allowing more to be mobilized to adjacent water bodies.

5. Conclusions

While elevation explained the variability in N deposition rates and pools of total and extractable soil N, the
variability we observed in the soil microbial communities, N transformation rates, and water quality was not
driven primarily by elevation. Microbial community composition was similar at the Plains, Foothills, and
Montane sites, but was distinct at the Subalpine site, where we also observed a higher C:N ratio and lower pH.
Microbial community composition also did not vary seasonally, suggesting that there is remarkable temporal and
spatial stability in the microbial community composition at the lower elevations of the Colorado Front Range.

Even though the microbial communities were similar, we observed significant variability in soil N transformation
rates, suggesting that factors other than microbial community composition and atmospheric N deposition rates are
important controls on soil N cycling. Net nitrification, net N mineralization, and nitrification potential rates were
highest at the Plains and Montane sites, where there was also higher abundance of the amoA gene, suggesting that
these sites have the potential to mobilize N to adjacent water bodies. In contrast, we observed net immobilization
of N at the Foothills and Subalpine sites, where more N may be allocated for microbial growth, suggesting that
these sites retain atmospherically deposited N. The spatial variability in soil N cycling that we observed at the
lower elevation sites may not be driven by elevation, but may exist at finer spatial scales, due to soil, vegetation, or
microbial community characteristics not captured in this study. Understanding the scale of spatial variability is an
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important area for continued research, especially in the foothills and plains ecosystems, where rates of N
deposition are elevated and where we observed such contrasting results.

Concentrations of NO;~ and NH, " in streams draining the subalpine to the foothills were generally low, indi-
cating that these mid-elevation soils are able to process and retain the current level of N deposition. Runoff was an
important driver of TDN at the wettest, high-elevation site, but there was no relationship between runoff and TDN
at the Foothills sites. Again, the contrasting and unexpected behavior at these lower-elevation ecosystems of the
Colorado Front Range warrant further study. Future rates of N deposition may increase at sites located adjacent to
urban and agriculture N emissions, and these sites are also especially vulnerable to disturbances such as drought,
wildfire, and land-use change, which will alter the ability of the soils to process N and may mobilize more N to
adjacent water bodies.
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