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Increases in the availability of nitrogen (N) may have consequences for plant growth
and nutrient cycling in N-limited tundra plant communities. We investigated the impact
alder (Alnus viridis spp. fruticosa), an N-fixing deciduous shrub, has on tundra N cycling
at a hillslope located on Alaska’s Seward Peninsula. We quantified N fixation using "°N,
incubations within two distinct alder communities at this site: alder shrublands located on
well-drained, rocky outcroppings in the uplands and alder savannas located in water tracks
along the moist toeslope of the hill. Annual N fixation rates in alder shrublands were 1.95 +
0.68 g Nm=2year', leading to elevated N levels in adjacent soils and plants. Alder savannas
had lower N fixation rates (0.53 + 0.19 g N m? year™), perhaps due to low phosphorus
availability and poor drainage in these highly organic soil profiles underlain by permafrost. In
addition to supporting higher rates of N fixation, tall-statured alder shrublands had different
foliar traits than relatively short-statured alder in savannas, providing an opportunity to
link N fixation to remotely-sensed variables. We were able to generate a map of the alder
shrubland distribution at this site using a multi-sensor fusion approach. The change in alder
shrubland distribution through time was also determined from historic aerial and satellite
imagery. Analysis of historic imagery showed that the area of alder shrublands at this site
has increased by 40% from 1956 to 2014. We estimate this increase in alder shrublands
was associated with a 22% increase in N fixation. Our results suggest that expansion of
alder shrublands has the potential to substantially alter N cycling, increase plant productivity,
and redistribute C storage in upland tundra regions. An improved understanding of the
consequences of N fixation within N-limited tundra plant communities will therefore be
crucial for predicting the biogeochemistry of these warming ecosystems.

Keywords: Alnus (alder), arctic, nitrogen cycling, nitrogen fixation, shrub encroachment, tundra, tundra greening,
nutrient limitation

INTRODUCTION

Since the late 20% century, tundra regions have been greening in response to changing climate and
an accelerated disturbance regime (Jia et al., 2003; Goetz et al., 2005; Lara et al., 2018). An important
component of greening in the low Arctic has been the expansion of deciduous shrubs into previously
graminoid-dominated tundra communities (Sturm et al., 2001; Tape et al., 2006; Myers-Smith et al., 2011).
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Deciduous shrubs store a greater amount of carbon (C) in live plant
biomass and are associated with increased magnitude, quality, and
turnover of litter nitrogen (N; DeMarco et al., 2014). Transitioning
plant communities therefore have important implications for C
and N cycling within tundra ecosystems that have historically
been nutrient-limited (Chapin and Shaver, 1985; Hobbie, 1992;
Mack et al., 2004).

As tundra plant communities in low Arctic regions shift
toward greater dominance by deciduous shrubs, the trajectory
of these transitioning ecosystems will likely be underpinned
by keystone species like alder (Hollingsworth et al, 2010;
Nossov et al., 2010). Alder broadly refers to the genus Alnus,
which comprises approximately 25 deciduous tree and shrub
species found in temperate, boreal and arctic regions of the
northern hemisphere that introduce biologically available N to
an ecosystem via symbiotic N fixation. Frankia bacteria housed
within alder root nodules fix N in exchange for plant C. This
exchange allows alder to colonize recently-disturbed areas
with low levels of N availability such as fire scars, floodplains,
deglaciated surfaces, and cryoturbated mineral soils (Crocker
and Major, 1955; Uliassi and Ruess, 2002; Mitchell and Ruess,
2009; Frost et al., 2013). In addition to being an early successional
species, alder is also one of the shrubs contributing to the high
latitude greening trend that has been observed since the 1980’
(Goetz et al.,, 2005; Bhatt et al., 2010; Myers-Smith et al., 2011;
Epstein et al, 2012). Ground-based observations of shrub
expansion are spatially and temporally limited compared to the
satellite record, but these direct observations provide important
insight into the dynamics and species behind regional greening
trends observed in the satellite record (Epstein et al., 2012).
Shrub expansion into Alaskan tundra has been attributed in part
to alder (Alnus viridis ssp. crispa (Aiton); Sturm et al., 2001; Tape
et al., 2006) and recent decades have also seen elevated levels of
alder recruitment at the northern boreal tree line in NW Canada
(Alnus viridis ssp. fruticosa (Rupr.); Lantz et al., 2010). Warmer
summer temperatures in the tundra regions of the Brooks Range
and on the North Slope of Alaska have led to alder expansion
along well-drained, rocky hillslopes (A. viridis ssp. fruticosa; Tape
et al., 2012). Alder’s role in shrub expansion is likely greatest
in Alaska and Western Canada (Myers-Smith et al., 2011), but
analyses of regional satellite data generally do not distinguish
alder from other arctic shrub species. The impact of symbiotic
N fixation by arctic alder has therefore been difficult to assess
at a landscape scale. Separating alder from other deciduous
shrubs in regional analysis is valuable because alder at lower
latitudes has been associated with high N inputs, low nutrient
use efficiency and a relatively open, or “leaky;” N cycle (Alnus
rubra (Bong.) in Binkley et al., 1992; Alnus incana ssp. tenuifolia
(Nutt) in Clein and Schimel, 1995). In the Alps, alder expansion
into N-poor grasslands has been shown to increase local soil N
availability as well as the N content of neighboring plants (Alnus
viridis (Chaix); Bithlmann et al., 2016). This caused not only
a shift of N from soils into plant biomass, but also a loss of N
via leaching into downslope catchments (A. viridis; Bithlmann
et al., 2014; Bithlmann et al., 2016). The tundra biome is poor
in nutrients, with N availability limiting both plant productivity
and decomposition by soil microbes (Chapin and Shaver, 1985;

Shaver and Chapin, 1980; Hobbie, 1992; Mack et al.,, 2004).
Nitrogen introduced to tundra ecosystems by alders therefore
has the potential to exert an important influence on the terrestrial
and aquatic biogeochemistry of these rapidly warming systems.

Alder N fixation in boreal and alpine systems are relatively well-
characterized (A. incana ssp. tenuifolia and A. viridis ssp. fruticosa;
Anderson et al., 2009; Mitchell and Ruess, 2009; Hollingsworth
et al., 2010; Nossov et al., 2011; Ruess et al., 2013), but we know
little about tundra-dwelling alders and their impact on N cycling
within the tundra biome. A quantitative investigation of N fixation
by alder growing in tundra has not yet been performed despite the
novelty of a N-fixing shrub expanding its range in this nutrient-
poor biome. The arctic research community also lacks a way to
distinguish alders from other deciduous shrubs in remotely sensed
data products, something that would be invaluable for identifying
areas alders may expand in the future and quantifying their impact
on landscape-level N cycling. We address these knowledge gaps
by examining the above- and belowground traits of A. viridis ssp.
fruticosa growing in two distinct plant communities at a hillslope
tundra site on Alaska’s Seward Peninsula. Our goal is to answer
the following questions:

Q1) Does alder significantly impact local N cycling and
N fixation rates in this tundra ecosystem?

Q2) What are the sources of variation in above- and
belowground traits of alder, and can observed variation
be used to quantify symbiotic N fixation at the
landscape scale?

Q3) Is alder cover expanding at this site and if so, what are
the implications for the N cycle?

We hypothesize that alder N cycling, above- and belowground
traits, and range expansion will vary according to community
and landscape position. Alder shrubland communities located
near the crest of the hill contain alder that are tall in stature and
grow in high densities. Alder savanna communities located along
the toeslope of the hill contain short alder that are dispersed
throughout a community of mixed shrubs and graminoids.
Since large, dense stands of alder likely support more symbiotic
bacteria, we hypothesize that alder in upland shrublands will
fix more N, have distinct above and belowground traits, and be
capable of greater expansion in response to regional warming
than their counterparts in lowland savannas.

MATERIALS AND METHODS

Study Site

The Kougarok Hillslope site (65°09'50.1"N, 164°49'34.2"W) is in
the interior of the Seward Peninsula, 103 km from the town of
Nome. The historic ATLAS site (65°25'46.3"N, 164°38'48.0"W;
L.D. Hinzman et al., 2003) is 32 km northeast of the Kougarok
Hillslope and has a mean annual air temperature of -4.02°C,
growing season precipitation of 131.6 mm, and a mean snowpack
depth of 82 cm (2000-2017 data, Busey unpublished data;
Hinzman et al., 2003). This region of the Seward Peninsula was
likely last glaciated during the early Pleistocene (Kaufman and
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Hopkins, 1986; Kaufman and Manley, 2004) and permafrost here
is discontinuous (Hinzman et al., 2003; Schuur and Mack, 2018).
Warming temperatures have impacted the Seward Peninsula in
the past half century. Glacial extent in the Kigluaik Mountains
to the south of the Kougarok Hillslope has been decreasing since
the 1980, and these glaciers are expected to disappear by 2035
(Calkin et al., 1998). Remote-sensing studies suggest shrub cover
is increasing across the Seward Peninsula (Silapaswan et al., 2001;
Stow et al., 2004), and the white spruce forest near the village of
Council is expanding into tundra regions (Lloyd et al., 2002).
The Kougarok Hillslope site encompasses an exposed, rocky
outcropping surrounded by steep, well-drained slopes that
transition to a lowland wetland tundra. The hillslope site spans a
roughly 100-m change in elevation and a variety of tundra plant
communities are present across the varying topography. A. viridis
ssp. fruticosa (herein alder) grows in two of the communities
present at this site: alder shrublands and alder savannas. Alder
shrublands are found along the well-drained slopes below the
crest of the hill and are interspersed with patches of dwarf shrub
lichen tundra. Within alder shrubland communities, alder shrubs
grow to height of at least 2 m and form dense, closed canopies
(Figure 1A). Alder shrubland communities at Kougarok are
similar to the upland community described in Frost et al. (2014).
Soil profiles under alder shrublands at Kougarok Hillslope are
quite rocky and are underlain by bedrock. Alder savannas, on
the other hand, are found along the Kougarok Hillslope’s gently-
sloping toeslope and are intermingled with willow-birch tundra
and tussock tundra communities. Alder savannas consist of
short-statured (1 m), evenly spaced alder that grow amongst
other deciduous shrubs and tussock tundra along poorly-
developed water tracks (Figure 1B) and lowland areas. Alder
savanna communities at Kougarok are akin to those described
in Frost et al. (2013) and the regular spacing of alder shrubs
could potentially be attributed to nutrient competition, local
hydrology, and/or cryogenic disturbances (Chapin et al., 1989).
Within the alder savanna, alder makes up about 15% cover and

the understory is characterized by sedges [Eriophorum vaginatum
(L.) and Carex bigelowii (Torr. ex Schwein)], dwarf erect shrubs
[Betula nana ssp. exilis (Sukaczev), Rhododendron tomentosum
(Harmaja), Vaccinium uliginosum (L.)], lichens (Cladonia spp.,
Cetraria spp.) and moss [Sphagnum spp., Hylocomium splendens
(Hedw.)]. Alder savanna soil profiles are underlain by permafrost
and the active layer depth is approximately 40 cm. The variation in
topography and presence of the same alder species in two distinct
plant communities at this site makes this an ideal location for
assessing the impact of alder on tundra N cycling.

Environmental Conditions

We characterized soil pH, organic horizon depth, soil temperature
at 2 cm depth and soil moisture at 8 cm depth within these two
alder communities. Surface soil moisture and temperature sensors
were installed in July 2016 (2 per community; H21-002, S-TMB-
M002,S-MBD-005, Onset Computer Corporation, Bourne, MA).
Data from July 2016 through July 2018 were summarized for
summer (June-August) versus winter (September-May) seasons
as well as on an annual basis. In 2016, we collected four replicate
soil cores from alder shrubland and alder savanna communities.
The depth of organic horizon was recorded in the field, and pH of
surface soils was measured in the laboratory. In early September of
2017, we measured soil profile depth at five replicate patches of alder
shrubland and alder savanna using a thaw probe. Environmental
data and detailed methods are publicly available (see https://doi.
0rg/10.5440/1346195 and https://doi.org/10.5440/1346200).

Soil Nutrient Availability and Depth

Soil inorganic N and phosphorus (P) availability were measured
using anion- and cation-binding resins deployed at 30 locations
across the Kougarok Hillslope. There are a total of six plant
communities presentat Kougarok Hillslope, with alder shrublands
and alder savannas representing just two of the six. In 2016, resin
plots were established across the six plant communities (n = 5

A Alder Shrubland

FIGURE 1 | Alder (Alnus viridis ssp. fruticosa) is found in two distinct communities at the Kougarok Hillslope site. Short-statured, dispersed alder grow in lowland
tundra communities (“alder savanna”) while tall alder grows in dense shrublands along the rocky ridge of the hillslope (“alder shrubland”)

B Alder Savanna
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replicates per community) and a 10-cm deep PVC resin-access
tube was installed (WECSA, LLC, Saint Ignatius, MT, USA).
Resins were deployed for the summer and winter seasons from
July 2016 through September 2017. In the lab, resins were rinsed
with distilled water, air-dried, and serially extracted three times
with 20 ml 2 M KCI solution. The three batches of extract were
combined, filtered, and frozen prior to analysis of NH,, NO,, and
PO, on a Lachat autoanalyzer (Lachat QuikChem 8500, Hach
Company, Loveland, CO). Concentrations were blank-corrected
and standardized to pg N or P extracted per unit resin surface
area. Resin-N was calculated as the sum of extracted NH,-N and
NO,-N. Resin data and detailed methods are publicly available
(see https://doi.org/10.5440/1346201).

Aboveground Plant Traits

We measured a suite of aboveground traits on alder growing in
alder shrubland and alder savanna communities. We recorded
the height individual alder shrubs and measured the basal
diameter of all ramets associated with the shrub at the soil
surface. To determine whether ramets were part of the same
alder individual, ramets were shaken and shallow, coarse roots
were traced. For each alder individual we collected 10 sun and
10 shade leaves. For the purposes of this study, we defined shade
leaves as those present in the lower canopy where there was
the potential for shading by upper canopy leaves, neighboring
shrubs, or tussock mounds. Specific leaf area (SLA, cm? leaf
area g! dry leaf) was determined from leaf punches of known
diameter that were counted, pooled, dried, and weighed prior to
being ground for elemental and isotopic analysis. Leaf %C was
measured on an elemental analyzer (Costech) while leaf %N
and 8N were measured using isotope ratio mass spectrometry
(IRMS, Integra CN, SerCon, Crewe, UK). Leaf %P was measured
by Kjeldahl digest and resulting solutions were run on a Lachat
QuikChem 8500 analyzer (Lachat Instruments, Loveland, CO,
USA). SLA and leaf %N and leaf %P were used to calculate N, .,
(gNm?) and P, (g P m?). In September 2017, senesced alder
litter was collected from alder shrublands by brushing a hand
along branches. Litter was not collected from alder savanna
communities. SLA of litter assumed a 7% loss of dry mass during
senescence and resorption efficiency (%) during senescence was
calculated as the change in N, and P, (Norby et al., 2000;
Uliassi and Ruess, 2002).

Leaf samples from non-alder species were collected in July
2016 at 12 resin plots. Plots were chosen so that all six plant
communities at Kougarok Hillslope were represented (n =
2 replicates per community). Foliar chemistry and SLA were
measured as described above. The leaf trait data associated
with alder and non-alder samples are publicly available (https://
doi.org/10.5440/1346199).

area area

Alder Cover Using Remotely-Sensed Data

Remote-sensing datasets from multiple sensor platforms
including EO-1 Hyperion, SPOT-5, Landsat and the USGS
IfSAR-based digital elevation model (Supplementary Table 1)
were compiled using a multi-sensor fusion approach similar to
that employed by Langford et al. (2019). The spectral properties

of alder shrubland were particularly distinct within data from
the EO-1 Hyperion hyperspectral instrument (Supplementary
Figure 1). All remote-sensing datasets were processed at
5-m spatial resolution for analysis. A k-means, clustering
based, unsupervised classification was then performed on
the 211-dimensional remote sensing dataset. This resulted in
classification of the entire Kougarok Hillslope into 50 clusters
with similar spectral properties that were compared to ground-
based observations of alder shrubland at Kougarok Hillslope
(https://doi.org/10.5440/1465967). Two of the clusters were
found to capture the spectral characteristics of alder shrublands
and were subsequently used to generate a spatial map of alder
shrubland distribution. The unsupervised classification-based
(UCB) alder shrubland map was validated further by comparison
with GPS coordinates of alder shrublands recorded during field
sampling (red Xs in Figure 4A).

A time series of four cloud-free, high-resolution aerial
and satellite images was analyzed using established photo-
interpretation methods to determine whether alder shrubland
distribution has changed in the last half-century (Lara et al,
2018; Frost et al., 2014). Geospatial image products included: 1)
a 1956 panchromatic aerial photograph from USGS, 2) a 1985
color-infrared aerial photograph from the Alaska High Altitude
Aerial Photography, 3) a 2006 panchromatic OrbView-3 satellite
image, and 4) a 2014 multispectral Worldview-2 satellite image.
All images were acquired during mid- to late summer and
orthorectified, georeferenced (mean RMS error: 2.5 m), and
resampled to 1 m resolution. Alder shrubland patches were
digitized manually in each image at a map scale of 1:2,500
in ArcMap GIS (ArcMap 10.6; ESRI, Redlands, CA, USA).
This time-series was only able to characterize change in alder
shrublands; alder within alder savanna communities do not
form homogenous canopies larger than 1 m in diameter and were
therefore below the detection limit of the image products.

Nodule Biomass

Nodule biomass per unit ground area was determined by
extensive collection of shallow soil cores during June and July of
2017, similar to methodologies described in Ruess et al. (2013)
and Uliassi and Ruess (2002). Cores were taken to a depth of 15
cm or until rock, large-diameter coarse roots, or standing water
were encountered. All cores were collected with a power drill
connected to a 7.3-cm diameter circular hole-saw. Measuring
nodule biomass in these two plant communities required different
sampling techniques due to the fact that alder in shrubland
communities formed a closed canopy while alder in savanna
communities grew interspersed with sedges and a variety of other
low-statured evergreen and deciduous shrub species.

In five distinct stands of alder shrubland, replicate 2.5 x 2.5 m
square plots were established and a grid containing 64 cells was
demarcated. One soil core was collected per grid cell unless
soil surface was inaccessible due to the presence of by rock or
alder stem. We recorded which grid cells had individual alders
rooted in them. Nodule biomass plots in the alder shrubland
community contained between 4 and 8 individual alder shrubs.
This sampling protocol resulted in destructive sampling of 3.9%
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of the total plot area and involved the collection of 288 soil cores
across the five plots.

In alder savanna communities, alder shrubs were evenly
dispersed with approximately one shrub per 4.1 m? (unpublished
data). A sampling method like the one utilized in the alder
shrublands would therefore oversample the space between alder
shrubs and under sample the areas closest to the shrub where
coarse root biomass is highest. In order to take the spatial
structure of the alder savanna community into account, we
decided to sample nodule biomass within 10 circular plots, each
with an the alder at the center. An inner circle within the plot
spanned the canopy of the alder, while an outer circle extended
this radius by 50 cm. Each plot contained only one alder shrub,
located at the “bullseye” of the circles. On average, nodule
plots in the alder savanna were 3.75 m? (+0.47). The concentric
circles were divided into eight equal slices and we collected
approximately twice as many cores from the inner circle as from
the outer circle. This sampling protocol resulted in destructive
sampling of 3.4% of the total plot area and involved the collection
of 299 soil cores across the 10 plots. Following collection, all soil
cores were frozen and shipped to Oak Ridge National Laboratory
(ORNL) for processing.

In the laboratory, thawed cores were examined for 10 min
and live nodules were collected. Live nodules were differentiated
from dead nodules based on their lighter color.and structural
integrity (Ruess et al., 2009). Dead nodules were dark, spongy,
and easily pulled apart. The core was sorted for additional 5
min intervals until an interval passed without discovery of live
nodules. Live nodules were then rinsed, dried, and weighed.
No discernable spatial patterns were observed; nodule biomass
per soil core did not increase with proximity to alder stems in
alder shrublands or in alder savannas. There was similarly no
significant relationship between shrub basal area (average cm? per
shrub or shrub cm? per m?) and nodule biomass within the data
from either community. This result differed from that of Ruess
et al. (2009) who used shrub basal area to scale nodule biomass
measurements within stands of boreal alders. Given absence of
a spatial pattern in nodule biomass observations and absence of
community-specific relationships between basal area and nodule
biomass, we decided to calculate average nodule biomass values
for the two communities directly from the nodule biomass plots
rather than scaling based on correlation with a covariate. Within
alder shrublands, nodule biomass per m? ground area was
averaged across all soil cores collected in the square gridded plots
(n = 5 plots). In alder savannas, nodule biomass was calculated
as the area-weighted average of values from inner- and outer
circles (n = 10 plots). Since alder savanna nodule biomass plots
were similar in size to the overall density of shrubs in the alder
savanna community, we feel that this approach adequately takes
into account the spacing of alders within the alder savanna
community. Nodule biomass data and detailed methods are
publicly available (see https://doi.org/10.5440/1493669).

N Fixation Within Nodules

Rates of N fixation within alder root nodules were determined
in the field by incubating excised nodules with °N-labeled N,

gas, as described in Anderson et al. (2004). Rates of N fixation
were determined for 21 alder shrubs growing in shrublands and
12 alder shrubs growing in alder savannas in July of 2017 and
2018. Briefly, ~2.5 g fresh weight of nodules was collected
and placed immediately in a 60-ml syringe with 10 ml of
98 atm% '°N, gas. A subsample of headspace gas was collected.
After 10 min, the incubation was halted by flash-freezing the
nodules in liquid N. Another ~2.5 g of fresh nodule biomass
was collected from the same alder individual to determine
the initial (natural abundance) '°N signature of the incubated
nodules. Nodule *N and %N were determined by isotope ratio
mass spectrometry (IRMS, Integra CN, SerCon, Crewe, UK) at
ORNL. Headspace gas samples were sent to UC Davis Stable
Isotope Facility for determination of atm% "N, ("*Ny.ugspace)-
Atom percent excess of the nodule (APE, ,,.) was calculated
as the difference between atm% N of incubated and non-
incubated nodules. The rate of N fixation (Nfix) in pmole N g!
nodule h! was calculated as:

(APEnodule X Nnodule)
incubation timex N, headspace

Nfix =

where N, 4, Was the pumole N present per g dry nodule. Rates
of N fixation within alder nodules and detailed methods are
publicly available (see https://doi.org/10.5440/1493688).

Scaling N Fixation Inputs

Peak growing season N fixation was calculated as the product of
nodule biomass (g nodule m ground) and N fixation (umole N g
nodule! h''). Maximal daily N fixation measurements (umole
N m? ground day!) were then scaled to the entire growing
season using a step function that assumes daily rates are half-
maximal from 20 to 31 May, maximal from June 1 to August
15, half-maximal for the last 2 weeks of August, and quarter-
maximal for the first 2 weeks of September (Uliassi and Ruess,
2002; Anderson et al., 2004; Ruess et al., 2009; Ruess et al., 2013).
This assumes that daily N fixation at peak growing season is
stable throughout the day, as has been observed in A. incana ssp.
tenuifolia (Huss-Danell et al., 1992).

Statistical Analyses

All statistical analyses were performed in R (R Core Team, 2018).
Differences in environmental observations and aboveground
alder traits of alder shrubland and alder savanna communities
were compared using t-tests (p < 0.05). The effect of deployment
date and plant community on resin-available resin-N and
resin-P were initially determined with a two-way ANOVA.
Plant community provided little explanatory power for the
variation in resin-N observed, so we explored the relationship
between resin-N availability and the distance to the nearest alder
shrubland using the spatial data analysis packages ggmap (Kahle
and Wickham, 2013), sp (Pebesma and Bivand, 2005), raster
(Hijmans, 2019), rgeos (Bivand and Rundel, 2018) and rgdal
(Bivand et al., 2018). The minimum 2-dimensional distance
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between each resin-N measurement and the nearest edge of the
alder shrubland classification region in the modern, UCB map
was determined and then the elevational difference between
points was calculated. For resin-N measurements taken within
the mapped extent of alder shrubland, the distance and elevation
difference measures were both considered zero. The relationship
between resin-N availability and the distance to alder shrubland
(d) was fit to a negative exponential model using generalized
non-linear least squares in the nlme package.

TIN = Ae™

This two-term model fit was compared to models in which
A and b were fitted to summer and winter deployments
separately (A er Dyinter & Agummer Dsummer) a8 Well as a model fit
to a common extinction coefficient (b) and deployment-specific
intercepts. Nested models were compared based on a likelihood
ratio test, and non-nested models were compared by AIC. The
95% confidence intervals for the final model fit were determined
by bootstrapping (1,000 iterations).

A multiple linear regression model was used to examine
the relationship between foliar chemistry of non-alder
species and winter resin-N. Alder data were excluded from
this analysis because the goal was to determine whether alder
N inputs were impacting nearby species %N in addition to
impacting resin-N. Leaf %N and 8'°N of non-alder species
were averaged for the plant functional types (PFTs) present in
each plot. The relationship between nodule biomass and sun
leaf N:P was analyzed with a similar simple multiple linear
regression model.

The covariance of alder traits was also explored using
Principal Components Analysis (PCA). PCAs were performed
on the covariance matrix of aboveground traits (height, sun
leaf SLA, sun leaf %N, sun leaf §'°N, sun leaf %P) and either
nodule biomass or rates of N fixation. Following PCA analysis,
the significance effect of traits on principal components was
determined by bootstrapping eigenvectors (p < 0.05).

RESULTS

Environmental Conditions

Soils within alder shrubland communities had much thinner
organic horizons than alder savannas (Table 1). These two plant
communities both had slightly acidic surface soils, and shallow
soil temperatures were similar when compared on an annual
and a seasonal basis. During the winter months (September

TABLE 1 | Annual average surface soil temperature and soil volumetric water
content within plant communities containing alder.

Soil Properties

Surface soil pH Depth of Soil Profile
organic horizon Depth (cm)
(cm)
Alder Shrubland 4.89 + 0.09 7.13+1.48* 26.86 + 2.55 *
Alder Savanna 4.69 +0.14 21.25+2.69* 38.96 + 1.78 *
Soil Temperature (C°)
Annual Summer Winter

Alder Shrubland
Alder Savanna

1.24 (-13.89, 14.96)
0.73 (-14.16, 20.48)

8.80 (2.34, 14.96)
8.89 (0.47, 20.48)
Soil VWC (m3/m3)

-0.36 (-13.89, 11.95)
-1.00 (-14.16, 15.44)

Annual Summer Winter
Alder Shrubland ~ 0.26 (0.11,0.41) *  0.30 (0.21,0.37)  0.25 (0.11, 0.45) *
Alder Savanna 0.19 (0.00,0.48) *  0.30(0.17, 0.41) 0.16 (0, 0.49) *

Data is from summer 2016 through summer 2018 and summer was defined as June,
July & August. Averages are followed by minimum and maximum values in parentheses
or + standard error. Asterisk (*) and bold indicate statistically significant differences
between communities (p < 0.05).

through May), surface soils in alder shrublands were wetter than
surface soils of alder savanna communities, potentially due to
the accumulation of drifting snow around the tall alder shrubs
that forms a deeper snowpack than at the toeslope. The wetter
winter season in alder shrublands drove a significant difference
in annual surface soil moisture content between the two
communities. In deeper portions of the soil profile, however, it is
likely that alder savannas had a greater moisture content; soils at
15-cm depth in inter-tussock areas of alder savannas were often
saturated (personal observation). Indeed, soil moisture measured
on 15 cm deep bulk soil in July 2017 was significantly greater
alder savannas than alder shrublands (51.1% versus 30.4%, p =
0.01; McCaully et al, in preparation).

Alder Above- and Belowground Traits Vary
Across Communities

Alder growing in different plant communities exhibited
contrasting above- and belowground traits. Alder in shrublands
were taller and had a greater basal area (Table 2). Shade leaves in
alder shrublands also had a greater SLA, higher %N, and lower
N,... than their counterparts growing in alder savannas (Table 3).
Leaves throughout the canopy of alder growing in shrublands
had higher %P and P,,,, a lower N:P, and a more depleted 6"°N

area’

TABLE 2 | Structural traits of alder growing in two plant communities.

Community Height (cm) Basal Area Per Shrub Basal Area (cm?/ m? Nodule Biomass (g/ m? Nodule Biomass
(cm? stem) ground) ground) (9/ cm? stem)

Alder Shrubland 267.89 + 8.13 * 391.94 + 69.62 * 64.86 + 16.65 * 18.54 + 6.14 * 0.47 = 0.25

Alder Savanna 111.55 + 7.56 * 32.18 +7.38 * 11.39 £ 2.42* 3.64x+1.21* 0.44 = 0.15

Averages are given + standard error. Asterisk (*) and bold indicate statistically significant differences between communities (p < 0.05).
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TABLE 3 | Leaf traits of alder growing in two plant communities. Averages are given + standard error.

Leaf Type Community SLA 85N C:N %N N.rea N:P %P Parea
(cm?/ g) (g N/ m? leaf) (g P/ m?
Sun Alder Shrubland ~ 120.55+7.09 -1.74+0.11* 21.01 +1.73 2.33+0.06 2.083 +0.08 1440+0.36* 0.16+0.01* 0.14+0.01*
Alder Savanna 116.56 +6.29 -1.36+0.09* 19.25+0.88 2.25+0.12 1.92 £ 0.09 2043 +1.12* 0.11+0.01* 0.10+0.01*
Shade Alder Shrubland 1606 £ 7.1* -1.76 £+0.15* 21.70+1.76 229x0.05* 1.49+0.07* 14.67+0.40* 0.16+0.01* 0.10+0.01*
Alder Savanna 12042 +49* -1.22+0.08* 23.08+0.85 1.98+0.08* 1.71+0.10* 2352+265* 0.09+0.01* 0.07=+0.00*
Litter Alder Shrubland 151.16 -226+0.18 32.61+050 1.56+0.02 1.08 + 0.01 24.46 + 2.76 0.07 + 0.01 0.05 + 0.01

Asterisk (%) and bold indicate statistically significant differences between communities (p < 0.05).

signature. The alder communities did not differ in leaf C:N or
sun leaf %N, N, ., or SLA. Alder litter collected within alder
shrublands had a relatively high %N and N,,.,, indicating a low N
resorption efficiency (41.2%). In contrast, P resorption efficiency
in alder shrublands was 62.4%.

Nodule biomass per m? ground was greater in alder

shrublands than in alder savannas (Table 2, Figure 2, p = 0.04).

When the nodule biomass was normalized to stem basal area,
there was no significant difference between alder shrublands
and alder savanna (Table 2). PCA of aboveground alder traits
collected alongside nodule biomass showed a distinct separation
of community traits along PC1, which explained 54.0% of the
observed variation (Figure 2B, Supplementary Table 2). PC1
was positively correlated sun leaf §'°N and negatively correlated
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FIGURE 2 | Below- versus aboveground traits of alder growing in shrublands and savannas. Alder nodule biomass (A) and its relationship to aboveground alder
traits (B), rates of N fixation (C) and its relationship to aboveground alder traits (D). Asterisks (*) indicate statistically significant differences between communities
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with nodule biomass, height, sun leaf SLA, sun leaf %N, and sun
leaf %P.

N fixation rates within nodules were lower for alder growing
in shrublands than alder growing in alder savannas (P = 0.04,
Figure 2C). Similar to the pattern seen with nodule biomass,
PCA of aboveground traits and N fixation exhibited a strong
separation of communities (Figure 2D, Supplementary
Table 3). PC1 explained 46.9% of variation in the dataset and
was positively correlated with sun leaf 6N and negatively
correlated with N fixation rate, height, sun leaf SLA, sun leaf
%N, and sun leaf %P.

The overall rate of N inputs via N fixation was primarily
driven by variation in nodule biomass. Fixation rates were
higher in nodules from alder savannas, but the higher nodule
biomass within alder shrublands more than compensated for
their lower nodule fixation rate. Alder shrublands had nodule
biomass that was roughly four times that of alder savannas, but
N fixation per unit nodule biomass in alder savannas was only
37% higher than rates in observed in shrublands. The greater
nodule biomass within alder shrublands was associated with
lower leaf N:P and there was a significant negative correlation
between sun leaf N:P and nodule biomass in this community
(Figure 3). Alder in savannas, however, had higher sun leaf
N:P and no relationship between leaf N:P and nodule biomass.

Peak Season and Annual Rates of

N Fixation

Alder shrublands had an average peak season N fixation rate
of 62 pmole N m™ h! (+22 SE) while alder savannas had an
averaged 17 umole N m?2 h! (+6 SE). There was a wide range in
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FIGURE 3 | Alder nodule biomass in relation to sun leaf N:P (g:g basis). In
alder shrubland nodule biomass plots, there were 4-8 alder individuals so the
N:P ratio on the y axis is an average value. The colored line and shaded 95%
confidence intervals denote significant relationship between nodule biomass
and sun leaf N:P within the alder shrubland community.

N fixation rates per unit ground area within both communities,
predominately driven by nodule biomass variation. When these
peak season N fixation rates were integrated to yearly fluxes,
annual N fixation by alder shrublands was over 3.5 times thats of
alder savannas (Table 4).

Alder’s Impact on Local N Cycling

Deployment period (winter vs summer) and plant community
both had a significant impact on total inorganic nitrogen
extracted from resin capsules (Resin-N, Supplementary Figure
2A, P = 0.003 and P = 0.013 respectively). Overall, resin-N in
winter was greater than resin-N in summer, and alder shrubland
communities tended to have the highest levels of resin-N. Within
the each of the six communities at Kougarok Hillslope, however,
there was a high degree of variation in resin-N replicates.
P availability followed a similar pattern but with greater variation
and only the deployment term was significant in the model
(Supplementary Figure 2B, p = 0.019). The extreme variation
in nutrient availability within the six plant communities led us
to hypothesize that high resin-N was associated with proximity
to alder shrublands rather than a location’s community
classification. Comparing the modern UCB alder shrubland map
(Figure 4A) with locations of resins confirmed that resins near
alder shrublands were indeed higher in resin-N (Figure 4B).
The negative exponential model was best fit with a deployment-
specific intercept term (A) and a common extinction coefficient
(b=0.22,95% CI from 0.09 to 0.36). The intercept term for resins
deployed in winter, A ., was higher (33.84, 95% CI from 19.20
to 48.49) than that for resins deployed in the summer (A
1.73,95% CI from -3.71 to 7.17).

When leaf %N of non-alder species was examined, overall leaf
%N increased with resin-N (Figure 5A, overall slope = 0.002, p =
0.004). Overall, this pattern was weak, however, and was driven
primarily by the few locations where resin-N was high. Within
PFTs, this trend was significant for both deciduous (slope =
0.005, p < 0.001) and evergreen shrubs (slope = 0.002, p < 0.002),
but the leaf %N of forbs and graminoids was not significantly
correlated with resin-N. The §'°N signature of non-alder leaves
tended to be heavier when leaves had higher leaf %N (Figure
5B, overall slope = 6.4, p < 0.001). Within PFTs, however, this
slope was only significant for evergreen shrubs (slope = 4.32,
p <0.001).

summer’

Extent of Alder Shrublands Through Time
Time-series image analysis showed that alder shrublands at
Kougarok Hillslope have expanded their range by 40% since
1956 (Figure 6, Table 5). This analysis does not include alder in
savannas, which could not be differentiated from other deciduous
shrubs given their low density and short stature in these areas. We
found alder shrubland cover increased continually from 7.4 ha in
1956 to 10.4 ha in 2014. Rates peaked between 1956 and 1985 and
alder shrubland expansion appeared to slow in the 2000’s (inset
in Figure 6). The average rate of alder shrubland expansion was
513 m? year'! and most of this occurred by infilling gaps between
patches of existing alder shrublands.
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TABLE 4 | Annual N fixation within alder shrublands and alder savannas. Rates from this tundra ecosystem are at the lower end of the range reported for alder N

fixation in boreal regions.

Study Species Biome/Habitat Methods Annual N fixation
(9 N/ m?/ yr)
This study A. viridis spp. fruticosa Tundra (Alder shrubland 15N, incubation of nodules 1.95 +0.68
community) Soail core collection for nodule biomass
This study A. viridis spp. fruticosa Tundra (Alder savanna 15N, incubation of nodules 0.63 £ 0.19
community) Soil core collection for nodule biomass
Mitchell and Ruess (2009) A. viridis spp. fruticosa Boreal (post-fire succession) ARA incubation of nodules 0.25 - 0.66
Soil core collection for nodule biomass
Uliassi and Ruess (2002) Alnus incana spp. tenuifolia Boreal (floodplain, unfertilized) ARA incubation of nodules 3.9-88
Soil core collection for nodule biomass
Ruess et al. (2009) Alnus incana spp. tenuifolia Boreal (alder stands impacted 15N, incubation of nodules 2.2-10.7
by canker) Soil core collection for nodule biomass
Ruess et al. (2013) Alnus incana spp. tenuifolia Boreal (floodplain, unfertilized) 15N, incubation of nodules 2.6-3.8
Soil core collection for nodule biomass
Crocker and Major (1955) Alnus viridis spp. crispa Boreal (recently deglaciated area) ~ Annual N increment in soil 6.2
40 year period
Van Cleve et al. (1971) Alnus incana spp. tenuifolia Boreal (floodplain, unfertilized) Annual N increment in soil 15.6
20 year period

DISCUSSION

We quantified N fixation by alder across the Kougarok Hillslope
to better understand the role alder may play in warming
tundra ecosystems. We hypothesized that the tall, dense alder
in shrublands would have a greater impact on local N cycling
than the short, dispersed alder in savanna communities and our
findings support this hypothesis. Annual rates of N fixation within
alder shrublands were over three times as high as N fixation in
alder savannas, and N-limited tundra plant species growing in
communities adjacent to alder shrublands had greater access to
N. The observed expansion of alder shrublands therefore has
important implications for N cycling within tundra ecosystems,

and our data provide intriguing evidence that we may be able
to predict the biogeochemical consequences of alder expansion
across the tundra based upon aboveground alder traits.

Alder Shrublands Have an “Open” N-Cycle
That Impacts Neighboring Plants and Soils
Context for the N fixation rates presented in this study can be
provided by comparison with the N required for annual net
primary productivity (N,,,). We estimate the N,,, of the entire
alder shrubland community to be 13 g N m* year' and the N,
of the entire alder savanna community to be 11 g N m™ year!
based on data from biomass harvests of understory species,
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FIGURE 4 | Inorganic N availability (Resin-N) at Kougarok Hillslope increases with proximity to alder shrublands. Light green areas in panel A represent an
unsupervised classification-based (UCB) alder shrubland map derived from multisensor data. The accuracy of the alder shrubland map was verified with ground-
based observations (red x’s). Resin-N was measured with ion-exchange resins deployed across the hillslope site and was found to decrease with increasing
distance from alder shrublands (panel B). Shaded regions in panel B represent 95% confidence intervals fit to negative exponential model with separate intercepts
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shrub allometries, and gapfilled tissue %N and rhizome pools
based on existing arctic literature (Salmon et al., in preparation).
Arctic plant communities lacking alder have N,,, ranging from
0.42-4.40 g N m? year! (Shaver and Chapin, 1991). The annual
N fixation rates reported in this study (0.53-1.95 g N m year!)
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FIGURE 6 | Expansion of alder shrubland at the Kougarok Hillslope (1956-
2014). The photo-interpreted area alder shrublands through time are overlaid
on the 2014 WorldView?2 image of the site.

are at the lower end of the range of reported values for alder
growing in boreal regions though reported rates vary widely
between habitat types as well as methodologies (Table 4). The
lower rates of N inputs by tundra versus boreal alders could
be the result of a colder climate, lower phosphorus availability,
or a shorter growing season. However, when we consider these
N inputs by tundra alders next to the N, of neighboring
tundra communities, their magnitude is striking. Within alder
shrubland and alder savanna communities, N fixation supplies
16% and 5% of N, respectively. Typically, plants with a greater
reliance on symbiotic N fixation are associated with leaf §'°N
near zero (Shearer and Kohl, 1986), but we found alder leaf
0N in shrubland communities was more negative than alder
leaf 6'°N in savanna communities (Table 3). This does not
discredit the higher proportion of N,,, met by N fixation in the
alder shrubland community we calculate, however. Increased
N contribution from ectomycorrhizal symbionts or greater
reliance on organic N forms in alder shrublands could similarly
explain the depleted 6'°N signature of alder shrublands (Hobbie
and Hobbie, 2006; Yano et al., 2009).

The high proportion of N,, met by N fixation in alder
shrublands in conjunction with the observed increased resin-N

TABLE 5 | Alder shrubland expansion at Kougarok Hillslope since 1956.

Year Cover by Alder Shrublands
1956 74,231 m,

1085 90,621 m,

2006 103,812 m,

2014 108,967 m,
19566-2014 29735 m, increase

Rate of change
Percent change (1956-2014)

513 m,/ year
40%
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in soils located near alder shrublands soils suggest that alder
shrublands do not have a very tightly constrained N cycle.
Alder shrublands may fail to retain N due to their high rates of
litter N deposition and their location in well-drained uplands
where they are presumably susceptible to downhill losses of
N in the form of litter and leachate. We found that alder leaf
litter from shrublands was high in N (1.56% N by weight). N
resorption efficiency was still higher than reported for boreal
alders (41.2% versus 13.9%; Uliassi and Ruess, 2002). The N
resorption efficiency of tundra alders we observed, however,
was lower than the 65% figure cited for non-fixing tundra
species (Jonasson and Shaver, 1999). By applying allometric
equations relating basal area to aboveground biomass and
assuming leaves makes up roughly 80% of new growth, we can
calculate the annual flux of N in alder leaf litter to be around
3.8 ¢ N m? (Berner et al.,, 2015; personal communication L.
Berner). The downslope movement of alder litter and leachate
is therefore a likely mechanism behind the elevated levels of
resin-N we observed within a 20 m radius of alder shrublands.
Resin-N was greatest when resins were deployed through the
winter season, potentially due to winter decomposition of alder
litter (Kielland et al., 2006; Buckeridge et al., 2010), moisture
limitation of summer N mineralization, or competition
between resins and roots for N during the growing season.
Transport of N from alder shrublands to surrounding soils
and water bodies could therefore have important implications
for biogeochemical cycling across arctic landscapes. Related
work at the Kougarok hillslope suggests that nitrate from these
alder shrublands is transported downslope during rainfall
events (McCaully et al., in preparation,). Future research on
the hydrological transport of alder-sourced N across arctic
landscapes is needed and we believe that an expanded version
of our UCB alder shrubland map could prove integral to
these efforts.

The positive relationship between resin-N and leaf %N of
deciduous and evergreen shrubs suggests that the hotspots in
resin-N associated alder shrublands (Figure 4B) explained some
of the observed variation in shrub leaf %N. This suggesting that
evergreen and deciduous shrubs may have access to N “leaked”
from alder shrublands. With the data at hand it is not possible
to directly attribute this increased leaf %N to increased reliance
on alder-fixed N (see Binkley et al., 1985). Leaf 8"°N signatures
tended to less depleted in when leaf %N was high. This could
indicate an increased dependence on recently-fixed N since §°N
signatures close to zero are associated with N fixation (Shearer
and Kohl, 1986). However, alder shrubland leaf §'N was around
-1.75 (Table 3), so this source is unlikely to explain the high
degree of depletion we observed in evergreen and deciduous
shrubs (around -5, Figure 5B). An altered balance between
fractionating processes in the N cycle may explain the low values
observed in Figure 5B. At the Kougarok Hillslope, graminoid and
forb 8'°N signatures were near or greater than zero as is common
for non-mycorrhizal plants. These PFTs are known to access N
from deeper mineral soils (Hewitt et al., 2019) which may buffer
them from the isotopic signature of alder-derived N as well as
explain why %N of these PTFs was not correlated with inorganic
N availability of surface soils.

Alder Shrublands Are Expanding

The observed expansion of alder shrublands at Kougarok
Hillslope has important implications for N inputs at this
site. If the observed rate of N fixation by alder shrublands is
applied to annual area of alder shrubland from 1956-2014,
we see that the 40% increase in alder shrubland area was
associated with a 22% increase in N fixation. Such an increase
in available N has the potential to reshape plant productivity,
alter plant community composition, and accelerate microbial
decomposition in downslope, N-limited communities (Shaver
et al., 2001; Mack et al.,, 2004). Nitrogen saturation also has
the potential to increase N leaching and impact downstream
ecosystems (Hiltbrunner et al, 2014). Expansion of alder
shrubland communities at Kougarok Hillslope was associated
with colonization of rocky, well-drained outcroppings near
the crest of the hill and did not extend down into the tundra
lowlands. This heterogeneous pattern of expansion parallels
observations made farther north in Alaska (Tape et al., 2012).
The 513 m? year! of alder expansion reported here, therefore,
could be used along with topographical maps and classification
of suitable alder shrubland terrain to estimate future rates of
alder expansion in Alaska and Northwest Canada. Care should
be taken not to apply this rate to the entire arctic biome.

Sources of Variation in Alder N

Fixation Rates

We posit that the variation in annual N fixation by alder
shrubland and alder savanna communities was driven by
a combination of P limitation and soil moisture dynamics.
Nodule biomass exerted stronger control on annual N fixation
inputs than the rates of fixation within individual nodules. The
relationship between leaf N:P and nodule biomass suggests
P availability varies across communities and higher sun leaf
N:P was associated with lower nodule biomass. Alder savanna
sun leaves generally had N:P over 20, a threshold often used
to signify P limitation (Giisewell, 2004; Koerselman and
Meuleman, 1996). Fertilization studies in tussock tundra plant
communities have shown them to be jointly limited by N and P
availability (Chapin and Shaver, 1985) and the regular spacing
of alder growing in graminoid dominated tundra has been
attributed to intra-specific competition for nutrients (Chapin et
al., 1989). Furthermore, P availability was found to limit alder
nodule production in a primary succession within a boreal
floodplain (Uliassi and Ruess, 2002). The low availability of soil
P and the higher foliar N:P in alder savannas, the propensity
for graminoid-dominated tundra to be jointly N and P limited,
and the fact that alder access to P limits alder nodule biomass
in boreal ecosystems together suggest our observed differences
in nodule biomass at Kougarok Hillslope are driven in part by
P limitation within alder savanna communities.

Differencesin soil moisture between the two plant communities
may also be a key factor driving the observed variation in N
fixation by alder shrubland and savanna communities. Though
the surface soil moisture within the two plant communities was
similar, the overall soil profiles differed greatly in their drainage
potential and alder savannas had higher soil moisture deeper in
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the soil profile. The shallow, sloping soils within alder shrublands
were underlain by bedrock and would likely drain well during the
growing season while the deep, flat soils in alder savannas would
tend to retain moisture were are often saturated beneath the soil
surface. The wet conditions in alder savannas were likely also
a result of the underlying permafrost in these soil profiles: this
impermeable layer would force the water table to remain perched
near the soil surface. Though root nodules create an anaerobic
zone for N fixation by Frankia bacteria, alder roots themselves
do not appear to thrive in saturated soils (Tape et al., 2012). If
the rooting zone of alder in savanna communities is restricted
to the dry, organic horizon, alder access to nutrients in mineral
horizons could be reduced. This could limit alder biomass
production as well as slow the C supply to N-fixing symbionts.

Scaling Up Alder N Fixation

The strong association between alder basal area and rates of N
fixation we observed across alder shrubland and alder savanna
communities suggests that aboveground biomass could be a
reliable scaler for estimating rates of N fixation by alder. Nodule
biomass of alder shrublands was greater than in alder savannas
when nodule biomass was expressed per unit ground area but
nodule biomass of the two communities was similar when
expressed per unit alder stem basal area (Table 3). The range of
nodule biomass per m? ground was similar to that reported for
the same species in boreal regions (Mitchell and Ruess, 2009)
and N fixation rates within nodules were on the lower end of the
range reported for boreal A. incana ssp. tenuifolia and A. viridis
ssp. crispa measured using the same N, method (Anderson
etal., 2004; Ruess et al., 2013). Work by Rhoades et al (2001) and
Uliassi and Ruess (2002) in the boreal zone found similar positive
correlations between N indices (resin-N, N fixation) and alder
aboveground biomass (height, LAI). These lines of evidence
suggest the relationship between alder aboveground biomass
and inputs of N via symbiotic fixation may be consistent across
boreal and arctic ecosystems and therefore may be an integral
part of quantifying landscape level fluxes of N in high latitudes.
These findings substantiate the assumptions in Epstein et al.
(2000) and Menge et al. (2009), both of which model N fixation
of alders by scaling this flux to plant biomass. Scaling N fixation
rates from this study to other tundra landscapes, however,
should be undertaken with caution. There are known sources
of variation not considered in this study: nitrogen fixation by
boreal alder is impacted by choice of Frankia bacterial partner
(Anderson et al., 2009; Ruess et al., 2013), fungal infection
(Ruess et al., 2009; Nossov et al., 2011), and stand age (Mitchell
and Ruess, 2009). Further research is needed to quantify the
impact these factors have on tundra alders.

Implications for Modeling Warming

Arctic Ecosystems

Here we have shown that alder can be an important source
of N to surrounding tundra plant communities and that
N-fixation rates vary the community and landscape position
the alder occupies. The area of tall alder shrublands has

increased over past decades in upland areas and may increase
further as tundra regions continue to warm. This expansion
has important consequences for tundra N cycling, especially
in areas downslope of alder shrublands. Our data both inform
the mechanistic representation of N-fixation in models and
provide observations to evaluate model projections.

Though alder has long been present in tundra ecosystems,
few large-scale, high-latitude models include an N-fixing PFT.
Epstein and colleagues (2000) incorporated Alnus species in
ArcVeg, but other arctic models do not (ie, Rupp et al., 2000;
Euskirchen et al., 2009). Climate-scale earth system models
not simulate N-fixing species in high latitudes. The data
reported in this study provide useful constraints for initiating
implementation of a N-fixing shrub PFT in large-scale models.
Our results suggest that N fixation by alder could be scaled
to the landscape level using aboveground alder traits (e.g.
height and biomass) that can be derived from remote-sensing
products. The observed seasonal variation in resin-N may also
help constrain alternative hypotheses for the processes driving
plant nutrient uptake, and the seasonal timing of uptake (Riley
et al.,, 2018). Capturing the variation in N fixation observed in
this study may require community specific- parameterization
of a N-fixing PFT or dynamic trait distributions that
respond to environmental cues (Wullschleger et al., 2014).
Parameterization of an N-fixing PFT would likely help capture
changing vegetation dynamics of arctic ecosystems and could
lead to more robust predictions of C and N feedbacks at
high latitudes.

DATA AVAILABILITY STATEMENT

All data are publicly available. DOIs and hyperlinks are provided
in the methods section.

AUTHOR CONTRIBUTIONS

VS led data collection in field and laboratory and analyzed data
with significant assistance from CI. AB classified vegetation
communities and plant species at the site, established plots,
and performed field work. JK performed remote sensing neural
network analysis and helped with field measurements. ML
analyzed historic images from the site and helped with field
measurements. PT and SW helped with field measurements and
gave feedback on early drafts of the analysis. VS and CI wrote the
first draft of the manuscript and all authors contributed to the

final draft.

FUNDING

This manuscript has been authored (in part) by UT-Battelle,
LLC, under contract DE-AC05-000R22725 with the US
Department of Energy (DOE). The US government retains
and the publisher, by accepting the article for publication,
acknowledges that the US government retains a nonexclusive,

Frontiers in Plant Science | www.frontiersin.org

12

October 2019 | Volume 10 | Article 1099


https://www.frontiersin.org/journals/plant-science/
http://www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles

Salmon et al.

Alder N-Fixation in Tundra

paid-up, irrevocable, worldwide license to publish or reproduce
the published form of this manuscript, or allow others to do so,
for US government purposes. DOE will provide public access
to these results of federally sponsored research in accordance
with the DOE Public Access Plan (http://energy.gov/downloads/
doe-public-access-plan).

ACKNOWLEDGMENTS

We would like to thank Mary’s Igloo Native Corporation
for allowing us to perform this research on their land and
giving us the opportunity to share this research with their
community. We would like acknowledge Rich Norby, Joanne
Childs, Deanne Brice, Holly Vander Stel, Sarah Bellaire, David

REFERENCES

Anderson, M. D., Ruess, R. W,, Myrold, D. D., and Taylor, D. L. (2009). Host species
and habitat affect nodulation by specific Frankia genotypes in two species of Alnus
in interior Alaska. Oecologia 160, 619-630. doi: 10.1007/500442-009-1330-0

Anderson, M. D., Ruess, R. W,, Uliassi, D. D., and Mitchell, J. S. (2004). Estimating
N, fixation in two species of Alnus in interior Alaska using acetylene reduction
and '°N, uptake. Ecoscience 11, 102-112. doi: 10.1080/11956860.2004.11682814

Berner, L. T,, Alexander, H. D., Loranty, M. M., Ganzlin, P., Mack, M. C., Davydov,
S.P, etal. (2015). Biomass allometry for alder, dwarf birch, and willow in boreal
forest and tundra ecosystems of far northeastern Siberia and north-central
Alaska. For. Ecol. Manage. 337, 110-118. doi: 10.1016/j.foreco.2014.10.027

Bhatt, U. S., Walker, D. A., Raynolds, M. K., Comiso, J. C., Epstein, H. E., Jia, G.,
et al. (2010). Circumpolar Arctic tundra vegetation change is linked to sea ice
decline. Earth Interact. 14, 1-20. doi: 10.1175/2010EI315.1

Binkley, D., Sollins, P., and McGill, W. B. (1985). Natural abundance of nitrogen-15
as a tool for tracing alder-fixed nitrogen. Soil Sci. Soc. Am. J. 49, 444-447. doi:
10.2136/5552j1985.03615995004900020034x

Binkley, D., Sollins, P,, Bell, R., Sachs, D., and Myrold, D. (1992). Biogeochemistry
of adjacent conifer and alder-conifer stands. Ecology 73, 2022-2033. doi:
10.2307/1941452

Bivand, R., and Rundel, C. (2018). rgeos: interface to geometry engine - open source
(‘GEOS’). R package version 0.4-2. https://cran.r-project.org/web/packages/
rgeos/index.html.

Bivand, R., Keitt, T., and Rowlingson, B. (2018). rgdal: bindings for the ‘Geospatial’
data abstraction library. R package version 1.3-6,2018.

Buckeridge, K. M., Cen, Y.-P, Layzell, D. B, and Grogan, P. (2010). Soil
biogeochemistry during the early spring in low arctic mesic tundra and the
impacts of deepened snow and enhanced nitrogen availability. Biogeochemistry
99, 127-141. doi: 10.1007/s10533-009-9396-7

Bihlmann, T., Hiltbrunner, E., and Korner, C. (2014). Alnus viridis expansion
contributes to excess reactive nitrogen release, reduces biodiversity and
constrains forest succession in the Alps. Alp. Bot. 124, 187-191. doi: 10.1007/
s00035-014-0134-y

Bithlmann, T., Kérner, C., and Hiltbrunner, E. (2016). Shrub expansion of Alnus
viridis drives former montane grassland into nitrogen saturation. Ecosystems
19, 968-985. doi: 10.1007/s10021-016-9979-9

Calkin, P. E., Kaufman, D. S., Przybyl, B. J., Whitford, W. B., and Peck, B. J. (1998).
Glacier regimes, periglacial landforms, and holocene climate change in the
Kigluaik Mountains, Seward Peninsula, Alaska, USA. Arct. Alp. Res. 30, 154
165. doi: 10.2307/1552130

Chapin, E S., and Shaver, G. R. (1985). Individualistic growth response of tundra
plant species to environmental manipulations in the field. Ecology 66, 564-576.
doi: 10.2307/1940405

Chapin, E S., McGraw, J. B., and Shaver, G. R. (1989). Competition causes regular
spacing of alder in Alaskan shrub tundra. Oecologia 79, 412-416. doi: 10.1007/
BF00384322

McLennan, Terri Velliquette, Fengming Yuan, Santosh Panda,
Abbygail Ochs, Rita Keil, Bob Busey, and Breann Spencer for
their help during lab work, field campaigns, and manuscript
preparation. Comments from two reviewers improved this
manuscript measurably. The NGEE Arctic project is supported
by the Office of Biological and Environmental Research in the
US Department of Energy’s Office of Science.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fpls.2019.01099/
full#supplementary-material

Clein, J. S., and Schimel, J. P. (1995). Nitrogen turnover and availability during
succession from alder to poplar in Alaskan taiga forests. Soil Biol. Biochem. 27,
743-752. doi: 10.1016/0038-0717(94)00232-P

Crocker, R. L., and Major, J. (1955). Soil development in relation to
vegetation and surface age at Glacier Bay, Alaska. J. Ecol. 43, 427-448. doi:
10.2307/2257005

DeMarco, J., Mack, M. C., and Bret-Harte, M. S. (2014). Effects of arctic shrub
expansion on biophysical vs. biogeochemical drivers of litter decomposition.
Ecology 95, 1861-1875. doi: 10.1890/13-2221.1

Epstein, H. E., Raynolds, M. K., Walker, D. A., Bhatt, U. S., Tucker, C. J., and
Pinzon, J. E. (2012). Dynamics of aboveground phytomass of the circumpolar
Arctic tundra during the past three decades. Environ. Res. Lett. 7, 1-12. doi:
10.1088/1748-9326/7/1/015506

Epstein, H. E., Walker, M. D., Chapin, E. S., and Starfield, A. M. (2000). A transient,
nutrient-based model of arctic plant community response to climatic warming.
Ecol. Appl. 10, 824-841. doi: 10.1890/1051-0761(2000)010[0824:ATNBMO]2.
0.CO;2

Euskirchen, E. S., Mcguire, A. D., Chapin, E S., Yi, S., and Thompson, C. C. (2009).
Changes in vegetation in northern Alaska under scenarios of climate change,
2003-2100: implications for climate feedbacks. Ecol. Soc. Am. 19, 1022-1043.
doi: 10.1890/08-0806.1

Frost, G. V., Epstein, H. E., and Walker, D. A. (2014). Regional and
landscape-scale variability of Landsat-observed vegetation dynamics
in northwest Siberian tundra. Environ. Res. Lett. 9, 025004. doi:
10.1088/1748-9326/9/2/025004

Frost, G. V., Epstein, H. E., Walker, D. A., Matyshak, G., and Ermokhina, K. (2013).
Patterned-ground facilitates shrub expansion in Low Arctic tundra. Environ.
Res. Lett. 8, 015035. doi: 10.1088/1748-9326/8/1/015035

Goetz, S. ], Bunn, A. G, Fiske, G. J., and Houghton, R. A. (2005). Satellite-
observed photosynthetic trends across boreal North America associated with
climate and fire disturbance. Proc. Natl. Acad. Sci. 102, 13521-13525. doi:
10.1073/pnas.0506179102

Giisewell, S. (2004). N:P ratios in terrestrial plants: variation and
functional significance. New Phytol. 164, 243-266. doi: 10.1111/j.1469-8137.
2004.01192.x

Hewitt, R. E., Taylor, D. L., Genet, H., McGuire, A. D., and Mack, M. C. (2019).
Below-ground plant traits influence tundra plant acquisition of newly thawed
permafrost nitrogen. J. Ecol. 107, 950-962. doi: 10.1111/1365-2745.13062

Hijmans, R. J. (2019). raster: geographic data Analysis and modeling. R package
version 2.8-4. https://CRAN.R-project.org/package=raster.

Hiltbrunner, E., Aerts, R., Bithlmann, T., Huss-Danell, K., Magnusson, B., Myrold,
D. D, et al. (2014). Ecological consequences of the expansion of N,-fixing
plants in cold biomes. Oecologia 176, 11-24. doi: 10.1007/s00442-014-2991

Hinzman, L. D., Kane, D. L., Yoshikawa, K., Carr, A., Bolton, W. R., and Fraver, M.
(2003). “Hydrological variations among watersheds with varying degrees of
permafrost,” in Permafrost, ed. S. & A. Phillips (Lisse, Abingdon, Exton (PA),
Tokyo: A.A. Balkema Publishers), 407-411.

Frontiers in Plant Science | www.frontiersin.org

13

October 2019 | Volume 10 | Article 1099


http://energy.gov/downloads/doe-public-access-plan
http://energy.gov/downloads/doe-public-access-plan
https://www.frontiersin.org/articles/10.3389/fpls.2019.01099/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2019.01099/full#supplementary-material
https://doi.org/10.1007/s00442-009-1330-0
https://doi.org/10.1080/11956860.2004.11682814
https://doi.org/10.1016/j.foreco.2014.10.027
https://doi.org/10.1175/2010EI315.1
https://doi.org/10.2136/sssaj1985.03615995004900020034x
https://doi.org/10.2307/1941452
https://cran.r-project.org/web/packages/rgeos/index.html
https://cran.r-project.org/web/packages/rgeos/index.html
https://doi.org/10.1007/s10533-009-9396-7
https://doi.org/10.1007/s00035-014-0134-y
https://doi.org/10.1007/s00035-014-0134-y
https://doi.org/10.1007/s10021-016-9979-9
https://doi.org/10.2307/1552130
https://doi.org/10.2307/1940405
https://doi.org/10.1007/BF00384322
https://doi.org/10.1007/BF00384322
https://doi.org/10.1016/0038-0717(94)00232-P
https://doi.org/10.2307/2257005
https://doi.org/10.1890/13-2221.1
https://doi.org/10.1088/1748-9326/7/1/015506
https://doi.org/10.1890/1051-0761(2000)010[0824:ATNBMO]2.0.CO;2
https://doi.org/10.1890/1051-0761(2000)010[0824:ATNBMO]2.0.CO;2
https://doi.org/10.1890/08-0806.1
https://doi.org/10.1088/1748-9326/9/2/025004
https://doi.org/10.1088/1748-9326/8/1/015035
https://doi.org/10.1073/pnas.0506179102
https://doi.org/10.1111/j.1469-8137.2004.01192.x
https://doi.org/10.1111/j.1469-8137.2004.01192.x
http://doi.org/10.1111/1365-2745.13062
https://CRAN.R-project.org/package=raster
https://doi.org/10.1007/s00442-014-2991
https://www.frontiersin.org/journals/plant-science/
http://www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles

Salmon et al.

Alder N-Fixation in Tundra

Hobbie, J. E., and Hobbie, E. A. (2006). '°N in symbiotic fungi and plants estimates
nitrogen and carbon flux rates in arctic tundra. Ecology 87, 816-822. doi:
10.1890/0012-9658(2006)87[816:NISFAP]2.0.CO;2

Hobbie, S. E. (1992). Effects of plant species on nutrient cycling. Trends Ecol. Evol.
7, 336-339. doi: 10.1016/0169-5347(92)90126-V

Hollingsworth, T. N., Lloyd, A. H., Nossov, D. R., Ruess, R. W,, Charlton, B. A,
and Kielland, K. (2010). Twenty-five years of vegetation change along a putative
successional chronosequence on the Tanana River, Alaska. Can. J. For. Res. 40,
1273-1287. doi: 10.1139/X10-094

Huss-Danell, K., Lundquist, P.-O., and Ohlsson, H. (1992). N, fixation in a young
Alnus incana stand, based on seasonal and diurnal variation in whole plant
nitrogenase activity. Can. J. Bot. 70, 1537-1544.

Jia, G.J., Epstein, H. E., and Walker, D. A. (2003). Greening of arctic Alaska, 1981-
2001. Geophys. Res. Lett. 30, n/a-n/a. doi: 10.1029/2003GL018268

Jonasson, S., and Shaver, G. R. (1999). Within-stand nutrient cycling in arctic and
boreal wetlands. Ecology 80, 2139-2150. doi: 10.1890/0012-9658(1999)080
[2139:WSNCIA]2.0.CO;2

Kahle, D., and Wickham, H. (2013). ggmap: Spatial Visualization with ggplot2. The
R Journal, 5(1), 144-161. R package version 3.0.0. http://journal.r-project.org/
archive/2013-1/kahle-wickham.pdf.

Kaufman, D. S., and Hopkins, D. M. (1986). “Glacial history of the Seward
Peninsula,” in Glaciation of Alaska: The Geological Record (Anchorage, AK:
Alaska Geological Society), 51-77.

Kaufman, D. S., and Manley, W. E (2004). Pleistocene maximum and late
Wisconsinan glacier extents across Alaska, U.S.A. Dev. Quat. Sci., 9-27. doi:
10.1016/S1571-0866(04)80182-9

Kielland, K., Olson, K., Ruess, R. W.,, and Boone, R. D. (2006). Contribution of
winter processes to soil nitrogen flux in taiga forest ecosystems. Biogeochemistry
81, 349-360. doi: 10.1007/s10533-006-9045-3

Koerselman, W., and Meuleman, A. E M. (1996). The vegetation N:P ratio:
a new tool to detect the nature of nutrient limitation. J. Appl. Ecol. 33,
1441-1450.

Langford, Z. L., Kumar, J., Hoffman, E M., Breen, A. L., and Iversen, C. M.
(2019). Arctic Vegetation Mapping Using Unsupervised Training Datasets
and Convolutional Neural Networks. Remote Sens. 11, 69. doi: 10.3390/
rs11010069

Lantz, T. C., Gergel, S. E., and Henry, G. H. R. (2010). Response of green
alder (Alnus viridis subsp. fruticosa patch dynamics and plant community
composition to fire and regional temperature in north-western Canada.
J. Biogeogr. 37, 1597-1610. doi: 10.1111/j.1365-2699.2010.02317.x

Lara, M. J., Nitze, 1., Grosse, G., Martin, P., and David McGuire, A. (2018).
Reduced arctic tundra productivity linked with landform and climate change
interactions. Sci. Rep. 8, 1-10. doi: 10.1038/541598-018-20692-8

Lloyd, A. H., Rupp, T. S., Fastie, C. L., and Starfield, A. M. (2002). Patterns and
dynamics of treeline advance on the Seward Peninsula, Alaska. J. Geophys. Res.
108, 8161. doi: 10.1029/2001JD000852

Mack, M. C., Schuur, E. A. G., Bret-Harte, M. S., Shaver, G. R., and Chapin, E
S. (2004). Ecosystem carbon storage in arctic tundra reduced by long-term
nutrient fertilization. Nature 431, 440-443. doi: 10.1038/nature02887

McCaully, R. E., Arendt, C. A., Newman, B. D., Heikoop, J. M., Wilson, C. .,
Sevanto, S. A., et al. (in preparation). Sources of variability of nitrate on an
Alaskan hillslope dominared by alder shrubs.

Menge, D. N. L, Levin, S. A., and Hedin, L. O. (2009). Facultative versus obligate
nitrogen fixation strategies and their ecosystem consequences. Am. Nat. 174,
465-477. doi: 10.1086/605377

Mitchell, J. S., and Ruess, R. W. (2009). N2 fixing alder (Alnus viridis spp.
fruticosa) effects on soil properties across a secondary successional
chronosequence in interior Alaska. Biogeochemistry 95, 215-229. doi:
10.1007/s10533-009-9332-x

Myers-Smith, 1. H., Forbes, B. C., Wilmking, M., Hallinger, M., Lantz, T,
Blok, D., et al. (2011). Shrub expansion in tundra ecosystems: dynamics,
impacts and research priorities. Environ. Res. Lett. 6, 045509. doi:
10.1088/1748-9326/6/4/045509

Norby, R. ], Long, T. M., Hartz-Rubin, J. S., and O’Neill, E. G. (2000). Nitrogen
resorption in senescing tree leaves in a warmer, CO?-enriched atmosephere.
Plant Soil 224, 15-29. doi: 10.1023/A:1004629231766

Nossov, D. R., Hollingsworth, T. N., Ruess, R. W,, and Kielland, K. (2011).
Development of Alnus tenuifolia stands on an Alaskan floodplain:

patterns of recruitment, disease and succession. . Ecol. 99, 621-633. doi:
10.1111/j.1365-2745.2010.01792.x

Nossov, D. R, Ruess, R. W, and Hollingsworth, T. N. (2010). Climate sensitivity of
Thinleaf Alder growth on an interior Alaskan floodplain. Ecoscience 17, 312-
320. doi: 10.2980/17-3-3326

Pebesma, E. J., and Bivand, R. S. (2005). sp: Classes and methods for spatial data
in R. R package version 1.3-1. https://cran.r-project.org/web/packages/sp/
index.html.

Pinheiro, J., Bates, D., DebRoy, S., and Sarkar, D.R Core Team, _nlme: Linear and
Nonlinear Mixed Effects Models_. R package version 3.1-137, 2018.

R Core Team (2018). R: A language and environment for statistical computing.
Vienna, Austria: R Foundation for Statistical Computing.

Rhoades, C., Oskarsson, H., Binkley, D., and Stottlemyer, B. (2001).
Alder (Alnus crispa) effects on soils in ecosystems of the Agashashok
River Valley, northwest Alaska. Ecoscience 8, 89-95. doi: 10.1080/
11956860.2001.11682634

Riley, W. ], Zhu, Q., and Tang, J. Y. (2018). Weaker land-climate feedbacks from
nutrient uptake during photosynthesis-inactive periods. Nat. Clim. Chang. 8,
1002-1006. doi: 10.1038/s41558-018-0325-4

Ruess, R. W,, Anderson, M. D., Mcfarland, J. M., Kielland, K., Olson, K., and
Taylor, D. L. (2013). Ecosystem-level consequences of symbiont partnerships
in an N-fixing shrub from interior Alaskan floodplains. Ecol. Monogr. 83, 177
194. doi: 10.1890/12-0782.1

Ruess, R. W, McFarland, J. M., Trummer, L. M., and Rohrs-Richey, J. K. (2009).
Disease-mediated declines in N-fixation inputs by Alnus tenuifolia to early-
successional floodplains in interior and south-central Alaska. Ecosystems 12,
489-502. doi: 10.1007/s10021-009-9237-5

Rupp, T. S, Starfield, A. M., and Chapin, E. S. (2000). A frame-based spatially
explicit model of subarctic vegetation response to climatic change:
comparison with a point model. Landsc. Ecol. 15, 383-400. doi: 10.1023/
A:1008168418778

Salmon, V. G,, et al. (in preparation). Linking above and belowground plant traits
in arctic plant communities.

Schuur, E. A. G, and Mack, M. C. (2018). Ecological response to permafrost thaw
and consequences for local and global ecosystem services. Annu. Rev. Ecol.
Evol. Syst. 49, 279-301. doi: 10.1145/1999030.1999036

Shaver, G. R., and Chapin, E S. (1980). Response to fertilization by various plant
growth forms in an Alaskan tundra: nutrient accumulation and growth.
Ecology 61, 662-675. doi: 10.2307/1937432

Shaver, G. R., and Chapin, E. S. (1991). Production: biomass relationships and
element cycling in contrasting arctic vegetation types. Ecol. Monogr. 61, 1-31.
doi: 10.2307/1942997

Shaver, G. R., Syndonia Bret-Harte, M., Jones, M. H., Johnstone, J., Gough, L.,
Laundre, J., et al. (2001). Species composition interacts with fertilizer to
control long-term change in tundra productivity. Ecology 82, 3163-3181. doi:
10.1890/0012-9658(2001)082[3163:SCIWFT]2.0.CO;2

Shearer, G., and Kohl, D. H. (1986). N*-fixation in field settings: estimations based
on natural ;N abundance. Aust. J. Plant Physiol. 13, 699-756. doi: 10.1071/
PP9860699c

Silapaswan, C. S., Verbyla, D. L., and Mc Guire, A. D. (2001). Land cover change
on the Seward Peninsula: the use of remote sensing to evaluate the potential
influences of climate warming on historical vegetation dynamics. Can. J.
Remote Sens. 27, 542-554. doi: 10.1080/07038992.2001.10854894

Stow, D. A., Hope, A., McGuire, D., Verbyla, D., Gamon, J., Huemmrich, E,
et al. (2004). Remote sensing of vegetation and land-cover change in arctic
tundra ecosystems. Remote Sens. Environ. 89, 281-308. doi: 10.1016/j.
rse.2003.10.018

Sturm, M., Racine, C., and Tape, K. (2001). Climate change: increasing shrub
abundance in the Arctic. Nature 411, 546-547. doi: 10.1038/35079180

Tape, K. D., Hallinger, M., Welker, J. M., and Ruess, R. W. (2012). Landscape
heterogeneity of shrub expansion in Arctic Alaska. Ecosystems 15, 711-724.
doi: 10.1007/s10021-012-9540-4

Tape, K., Sturm, M., and Racine, C. (2006). The evidence for shrub expansion
in Northern Alaska and the Pan-Arctic. Glob. Chang. Biol. 12, 686-702. doi:
10.1111/j.1365-2486.2006.01128.x

Uliassi, D. D., and Ruess, R. W. (2002). Limitations to symbiotic nitrogen fixation
in primary succession on the Tanana River floodplain. Ecology 83, 88-103. doi:
10.1890/0012-9658(2002)083[0088:LTSNFI]2.0.CO;2

Frontiers in Plant Science | www.frontiersin.org

14

October 2019 | Volume 10 | Article 1099


https://doi.org/10.1890/0012-9658(2006)87[816:NISFAP]2.0.CO;2
https://doi.org/10.1016/0169-5347(92)90126-V
https://doi.org/10.1139/X10-094
https://doi.org/10.1029/2003GL018268
https://doi.org/10.1890/0012-9658(1999)080[2139:WSNCIA]2.0.CO;2
https://doi.org/10.1890/0012-9658(1999)080[2139:WSNCIA]2.0.CO;2
http://journal.r-project.org/archive/2013-1/kahle-wickham.pdf
http://journal.r-project.org/archive/2013-1/kahle-wickham.pdf
https://doi.org/10.1016/S1571-0866(04)80182-9
https://doi.org/10.1007/s10533-006-9045-3
http://doi.org/10.3390/rs11010069
http://doi.org/10.3390/rs11010069
https://doi.org/10.1111/j.1365-2699.2010.02317.x
https://doi.org/10.1038/s41598-018-20692-8
https://doi.org/10.1029/2001JD000852
https://doi.org/10.1038/nature02887
https://doi.org/10.1086/605377
https://doi.org/10.1007/s10533-009-9332-x
https://doi.org/10.1088/1748-9326/6/4/045509
https://doi.org/10.1023/A:1004629231766
https://doi.org/10.1111/j.1365-2745.2010.01792.x
https://doi.org/10.2980/17-3-3326
https://cran.r-project.org/web/packages/sp/index.html
https://cran.r-project.org/web/packages/sp/index.html
https://doi.org/10.1080/11956860.2001.11682634
https://doi.org/10.1080/11956860.2001.11682634
https://doi.org/10.1038/s41558-018-0325-4
https://doi.org/10.1890/12-0782.1
https://doi.org/10.1007/s10021-009-9237-5
https://doi.org/10.1023/A:1008168418778
https://doi.org/10.1023/A:1008168418778
https://doi.org/10.1145/1999030.1999036
https://doi.org/10.2307/1937432
https://doi.org/10.2307/1942997
https://doi.org/10.1890/0012-9658(2001)082[3163:SCIWFT]2.0.CO;2
https://doi.org/10.1071/PP9860699c
https://doi.org/10.1071/PP9860699c
https://doi.org/10.1080/07038992.2001.10854894
https://doi.org/10.1016/j.rse.2003.10.018
https://doi.org/10.1016/j.rse.2003.10.018
https://doi.org/10.1038/35079180
https://doi.org/10.1007/s10021-012-9540-4
https://doi.org/10.1111/j.1365-2486.2006.01128.x
https://doi.org/10.1890/0012-9658(2002)083[0088:LTSNFI]2.0.CO;2
https://www.frontiersin.org/journals/plant-science/
http://www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles

Salmon et al.

Alder N-Fixation in Tundra

Van Cleve, K., Viereck, L. A., and Schlentner, R. L. (1971). Accumulation of
nitrogen in Alder (Alnus) ecosystems near Fairbanks, Alaska. Arct. Alp. Res. 3,
101-114. doi: 10.2307/1549980

Waullschleger, S. D., Epstein, H. E., Box, E. O., Euskirchen, E. S., Goswami,
S., Iversen, C. M., et al. (2014). Plant functional types in earth system
models: past experiences and future directions for application of dynamic
vegetation models in high-latitude ecosystems. Ann. Bot. 114, 1-16. doi:
10.1093/aob/mcu077

Yano, Y., Shaver, G. R., Giblin, A. E., and Rastetter, E. B. (2009). Depleted ;N in
hydrolysable-N of arctic soils and its implication for mycorrhizal fungi-plant
interaction. Biogeochemistry 97, 183-194. doi: 10.1007/s10533-009-9365-1

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2019 Salmon, Breen, Kumar, Lara, Thornton, Wullschleger and
Iversen. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction
in other forums is permitted, provided the original author(s) and the copyright
owner(s) are credited and that the original publication in this journal is cited, in
accordance with accepted academic practice. No use, distribution or reproduction
is permitted which does not comply with these terms.

Frontiers in Plant Science | www.frontiersin.org

15

October 2019 | Volume 10 | Article 1099


http://doi.org/10.2307/1549980
https://doi.org/10.1093/aob/mcu077
https://doi.org/10.1007/s10533-009-9365-1
http://Creative Commons Attribution License (CC BY)
http://Creative Commons Attribution License (CC BY)
https://www.frontiersin.org/journals/plant-science/
http://www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles

	Alder Distribution and Expansion Across a Tundra Hillslope: Implications for Local N Cycling

	﻿Introduction

	﻿Materials and Methods

	﻿Study Site

	﻿Environmental Conditions

	﻿Soil Nutrient Availability and Depth

	﻿Aboveground Plant Traits

	﻿Alder Cover Using Remotely-Sensed Data

	﻿Nodule Biomass

	﻿N Fixation Within Nodules

	﻿Scaling N Fixation Inputs

	﻿Statistical Analyses


	﻿Results

	﻿Environmental Conditions

	﻿Alder Above- and Belowground Traits Vary Across Communities

	﻿Peak Season and Annual Rates of N Fixation

	﻿﻿Alder’s Impact on Local N Cycling

	﻿Extent of Alder Shrublands Through Time


	﻿﻿Discussion

	﻿Alder Shrublands Have an “Open” N-Cycle That Impacts Neighboring Plants and Soils

	﻿Alder Shrublands Are Expanding

	﻿Sources of Variation in Alder N Fixation Rates

	﻿Scaling Up Alder N Fixation

	﻿Implications for Modeling Warming Arctic Ecosystems


	﻿Data Availability Statement

	Author Contributions

	﻿Funding

	Acknowledgments

	﻿Supplementary Material

	References



