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Abstract. In Arctic ecosystems, increasing temperatures are driving the expansion of nitrogen (N) fixing shrubs across tundra

permafrost tundra landscape in the Seward Peninsula, Alaska, USA. Soil pore water was collected from locations within alder

shrubland growing along a well-drained hillslope and compared to soil pore water collected from locations outside (upslope,
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1 Introduction

1.1 Background

subsequent feedbacks that impact soil moisture, vegetation, and nutrient availability (Shaver and Chapin, 1980; Weintraub and

Schimel, 2005; Hinzman et al., 2013; Street et al., 2015; Salmon et al., 2016; Walvoord and Kurylyk, 2016). ,While there is a

predicted range of NO;™ produced through microbial degradation of
N-rich alder shrub organic matter.
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soil layer containing organic peat and mineral horizons (taxonomic soil classification not available) and is well drained in the

upland area due to topographic gradient.

Vegetation found in the upland area primarily includes alder growing in a densely populated alder shrubland community near
the crest of the hill interspersed by lichen, moss, and dwarf shrubs. Vegetation in the lowland area is characterized by either

alder savanna or tussock tundra plant communities (Iversen et al., 2016; Salmon et al., 2019b). The term ‘alder savanna’ was
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A co-located study by Salmon et al. (2019a-b) defines the vegetation parameters of the hillslope in further detail including

lowland area than the upland area soils, have a thicker organic peat horizon, and are poorly drained due to low topographic
gradient (Salmon et al., 2019a-b). The lowland is frequently saturated in inter-tussock areas, especially at the slope break

between the steep upland area and shallow lowland area, and within the alder savanna community.

For our study, soil pore water compositions within alder shrubland in the upland area were compared to soil pore water

latter campaigns (Fig. 1; Fig. 2). The Al transect includes a sampling location we identify as a ‘seep’, which is a direct seep

from the ground located at the slope transition between upland and lowland zones (Fig. 1b). The volume of water sourced from

this seep was too small to measure directly but is estimated to be <2 cm® s”'. However, water actively trickled from this seep

location during all sampling campaigns and is likely representative of active layer melt that surfaced at the upland-lowland

transition.

2.2 Sample design

To investigate the aforementioned hypotheses, this study was subdivided into two phases: an initial phase to identify NOs-N
‘hotspots’ in relation to the alder shrubland community (Phase 1) and a comprehensive informed phase (Phase 2) to further
address each of the three hypotheses. Phase 1 (July 18-21, 2017) consisted of a synoptic survey to establish soil NOszN
were installed with sampling points located within alder shrubland as well as upslope and downslope of the shrubland. These
transects also captured the transition between upland and lowland landscape position, which was determined to be located at

the most downslope extent of each alder shrubland area.

transects are located at similar relief on the eastern slope near the crest of the KG Hillslope; however, the transects extend
through and downslope of two separate alder patches allowing the nutrient dynamics associated with each shrubland area to
determine NO3™-N variability within the shrubland and to capture the extent of NOs™ availability down gradient of the shrubland

(see Table S5 in the Supplemental material for further details of the number of sampling locations per transect for each

campaign). To address these spatiotemporal controls, we measured soil pore water NO3-N concentrations within, between,

and downslope of alder shrubland, and measured the natural abundance of, nese (Mn
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campaign varied as spatial resolution increased through time and are shown in the associated Tables S4 and S5 in Supplemental

material.

2.3 Soil pore water

Soil pore water samples are the basis of our NO3; N availability and variability investigation and were collected by installing

a nest of macro-rhizons at each sample location (Rhizosphere Research Products; hereby referred to as rhizons) using the

volume required for chemical analyses, were installed in nests (on average 5 rhizons per nest) at each sampling location

depending on soil saturation and water availability. Soil pore water was collected in 60- ml syringes connected by luer-lock

mechanisms on each rhizon. Syringes were subsequently combined into one sample per nest to obtain adequate volumes for

analyses and ensure a homogenous bulk sample. Syringes were re-hung from rhizons at their respective sampling locations

and left overnight before collection the next morning.

plasma optical emission spectrometry (ICP-OES) on a Perkin Elmer Optima 2100DV instrument (Perkin Elmer Inc., USA)
using United States Environmental Protection Agency (EPA) method 200.7; precision is justified to 0.01 mg L. Anions were

measured with ion chromatography on a Dionex ICS-2100 instrument (Thermo Fisher Scientific Inc., USA) utilizing EPA
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soil pore water and soil pore water NO3-N was also performed to gain insights to nitrate sources and likely biogeochemical

processes occurring in our study location (see associated Supplemental material for full details).

320 2.4 Soil and leaf litter

Soil and leaf litter samples were collected for comparison to soil pore water NO3-N content and to assess possible correlations

30-cm depths where soil was deep enough) in pre-weighed tins, sealed with parafilm, and frozen for preservation. Samples \

|
were not collected shallower than 15 cm depth because of the large presence of peat biomass at shallow depths and because

325

1
all soil pore water samples were collected from >15 cm depths. A total of 27 soil samples were collected during July 2017,6 !
during September 2017, and 24 in July 2018.

\
excavated to frozen soil, verified by presence of ice and sub-freezing soil temperatures. Soil was collected at an interval of 20 1

330 cm in each pit. Pits 3 and 1 had total depths of 46 cm and 55 cm to frozen soil, respectively, and soil samples were collected '
at 20 cm and 40 cm. Pit 2 had a depth of 61 cm to frozen soil and soil samples were collected at 20-, 40-, and 60-cm depths.

All soil samples were frozen and transported to GGRL or North Carolina State University Department of Marine, Earth, and
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samples were analyzed for total N, 8'°N of soil organic nitrogen (SON) and C/N ratios (O’ Donnell and Jones, 2006; Moatar et
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parameters were collected for two days during the July 2018 field campaign. These were mixed with ferrozine (to fix Fe?* for

later analysis) on-site and subsequently analyzed at GGRL using the Fe-ferrozine method (Stookey, 1970). The Fe speciation
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The production of NOs™ through nitrification is a microbially
mediated process that produces predictable isotopic compositions
through kinetic fractionation (Kendall and McDonnell, 1998). Based
on the assumption that microbial nitrification utilizes two oxygen
(O) atoms from water (H,O) and one O atom from the atmosphere
(0,), the expected range of 5'*0 — NO;~ derived from microbial
nitrification (Kendall and McDonnell, 1998) was calculated using
Eq. (1):9
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where atmospheric §'%0-0; is +23.5 %o (Kendall and McDonnell,
1998). Isotopic data for 80 - H,0 was measured directly from soil
pore water samples using a GV Instruments Multiflow peripheral
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method determined Fe?" and total Fe (Ferows; Stookey, 1970). Fe** was later calculated as the difference between Fe?* and

Ferotal.

2.6 Statistical analyses

Data collected had normal distribution and no outliers were identified. Thus, all measurements are included in the statistical

analyses. Nonparametric Mann-Whitney rank sum tests were performed (Helsel and Hirsch, 2002) to identify significant

differences between geochemical signatures - specifically NO5-N, Fe?*, Ferowu, Mn, and SO4> - of soil pore water within the

analyses performed quantified the spatial variability between upland (alder shrubland) and lowland (alder savanna) regions of

- {Deleted: M

our Al and A4 transects collected during the July 2018 and September 2018 field campaigns and did not factor in temporal

variability as our time-series were limited. The individual rhizon nests that composed the upland and lowland sampling sites

are defined in Supplemental Table S5 and the detailed outcomes of the Mann-Whitney tests performed are provided in

to determine relationships between NO3-N and variables including soil moisture, depth to frozen soil or bedrock, and Fe. To
directly compare the variability within each chemical compound across the KG Hillslope, the coefficient of variation (Brown,
1998) was calculated for calcium (Ca), sodium (Na), chloride (CI'), and NO3s-N by dividing the standard deviation of the
low variability within the environment. Consistently high coefficient of variation of NO3s-N (> 1.5) and low ratios of Ca, CI,
and Na (< 1.5) indicate additional (biological) processes acting on NO3-N production. MATLAB R2017a was used for all

statistical analyses and figure generation.

3 Results
3.1 Soil depth and moisture

Soils within each upland patch were similar in composition with general defining characteristics of a surficial peat horizon

underlain by decayed peat and a transitional horizon into mineral soil at a depth of ~12 to ~15 cm, followed by bedrock or

depth within the lowland portion of the A1 and A4 transects were similar but differed from the upland portion of the transects
(Table S4: Supplemental material). During both Phase 1 and Phase 2, the mean_gravimetric soil moisture content (percent
dry/wet weight) was lowest in the upland area (28.5%., 28.4%. and 36.6% in July 2017, September 2017, and July 2018
respectively) and greatest in the lowland area (>50%). The lowlands were inundated during the Phase 2 September 2017

campaigns. The mean depth to bedrock or frozen soil was greater in the lowland area (mean of 56.5 cm and 54.3 cm in

September 2017 and July 2018 respectively) than the upland area (mean of 45.7 cm and 36.6 cm in September 2017 and July
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Regional Climate Center, 2017) but unfortunately the field site rain gauge was out of commission and there is not a quantitative
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rain amount for this event. Parameters including soil depth, moisture content, pH, dissolved oxygen, and conductivity did not

initially negligible within the A1 alder shrubland (Fig. 3a) but increased in concentration following the rainfall event. A similar

increase in NOs™-N was also observed at a seep located at the transition between the upland and lowland along the A1 transect

of water flowing directly from within the A1 alder shrubland to the lowland area (Fig. 2b), perhaps through fractured bedrock.

Phase 1 results show that soil pore water NO3-N was elevated both from one alder shrubland patch to another (ranging from

sample collection along the Al transect revealed daily variations in NOs™-N availability at our sampling locations (0.51 to

10.08 mg L) likely associated with observed rainfall. Both the Road and the Middle transects located in the lowland tussock

tundra and alder savanna communities had low NOy-N (< 1.0 mg L.

3.3 Phase 2: NOs™-N variability between two alder patches

3.3.1 September 2017

in the furthest extent of the lowland area (Transects M and R in Fig. 1a), indicating that transport potential of NO3zN is limited
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3.3.2 July 2018

During the 2018 July sampling campaign (July 22-26), NOs-N was elevated along the Al and A4 transects (Fig. 2b and Fig.
3c¢), both within the shrubland and up to 20-m downslope of the shrubland, where the transition between upland and lowland
occurs (Fig. 3c). Each of the five sampling days in July were dry (no precipitation, high of ~16° C), and no notable temporal
variation (< 3 mg L' difference) in NOs-N was observed along the Al and A4 transects (Fig. 4a-b). NOs™-N concentrations

measured from two soil pits located along the A1 transect also increased with depth (Table S5, Supplemental,material). Despite _ < { Deleted:

the dry conditions, we directly observed water seeping from the upslope wall into each pit, suggesting that interflow was

actively occurring across the Al transect from the upland to lowland areas. Nitrate-N concentrations decreased from upland

to lowland along both the A1 and A4 transects (significantly different at p < 0.001; Table S5, S6 in Supplemental, material). ,/

This pattern was mirrored by Fe, which increased in concentration from upland to lowland (p < 0.001) along each transect y 7% { Deleted:
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(p < 0.05; Fig. 4b and Table S5, S6 in Supplemental, material). Spatial trends in Mn were not identified, however, along the ,~

difference (p > 0.05) in SO4* concentrations were observed along the A4 transect (Table S5, S6 in Supplemental, material).

In September 2018 (21-22), similar patterns in NO3™-N concentration occurred along both A1 and A4 transects (Supplemental, - - ) { Deleted:

4.1 Sources of nitrate

Previous studies conducted in continuous, polygonal permafrost areas without alders indicate that soil moisture is the dominant
control on NO;5 production (Heikoop et al., 2015). However, at the KG Hillslope where polygonal permafrost features do not

exist and the landscape is controlled by slope gradient rather than microtopography, no direct relationship was observed

moisture, at this site, NO3-N concentrations were tightly constrained by the presence of alder shrublands. Although NOs-N \\\

was generally absent in the poorly drained (wet) lowland area, it was elevated within alder patches on the well-drained (dry)
upland area. Elevated NOs-N was not observed laterally adjacent to or upslope of alder shrubland. Therefore, while soil

moisture likely plays a role in determining NO3-N availability, our results indicate that the alder shrubland community was
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A total of 62 soil pore water samples from locations within and
downslope of alder shrubland had sufficient NOs™ concentrations (>
0.5 mg L") to measure 5'°N and §'*0 of NO;™ across all four
sampling campaigns (Fig. 5; more details in Supplementary
Material). Generally, 3'*N — NOj;" at lowland locations downslope of
the alder shrubland were more enriched than locations within alder
shrubland, and high §'0 — NO;™ values correspond to high §'°N —
NOs values at the downslope locations (Fig. 5). Because minimal
fractionation takes place during N, fixation, NO5™ produced by
mineralization and nitrification of organic matter derived from
fixation (alder leaf litter) should have §'"N-NOj in the range of -5.0
%o to0 5.0 %o (Kendall and McDonnell, 1998). 3'°N of leaf litter N
(n=10) collected from the shrubland along all five transects (along
with 8N data from Salmon et al., 2019b; n=>5) ranged from -2.8 %o
to -0.9 %o. 8'°N of total dissolved nitrogen (TDN) ranged from -11.3
%o t0 -0.9 %o, and 3"°N of dissolved organic nitrogen (DON) ranged
from -19.1 %o to -8.0 %o (calculated values, see Section 2.3). §'*N of
soil organic nitrogen (SON) ranged from 0.5 %o to 3.6 %o (n = 13).
Atmospheric NO;™ values of §'°N range from ~ -15 %o to ~ +15 %o
and §'%0 ranging from ~ +60 %o to ~ +94 %o (Granger and Wankel,
2016). A summary of 3'*0 compositions is provided in
Supplementary Material (Table S7).9

\\{ Deleted: ry

{ Deleted: M

" ‘[ Deleted: production




Weintraub (2014) found evidence for spatial inaccessibility of labile N in Arctic ecosystems but our findings indicate the
potential for increased accessibility from the mobilization of labile N in the presence of topographic relief and precipitation.

560 A detailed overview of the isotopic analyses performed and results are presented in the Supplemental online material, however.

it is worth noting that the §'°N and §'%0 of soil pore water were consistent with the predicted range of NOs™ produced through

microbial degradation of N-rich alder shrub organic matter. Enrichment of both §'*N and §'30 isotopes at wetter downslope

locations indicate that denitrification limits the mobility of NO3; N by transforming it to other N-species. )

565

Previous studies have linked nutrient flushing with rainfall events (Bechtold et al., 2003; Baldwin and Mitchell, 2000), and
several studies have proposed that soil NOs™ inputs from mineralized and nitrified leaf litter are mobilized at wet-season onset
(Yamashita et al., 2010; Bernal et al., 2003). In particular, Vink et al., (2007) found that in a forested catchment, inorganic N
accumulated within soil and leaf litter during dry periods and was subsequently flushed into headwater streams during
570 precipitation events — an initial pulse in NO3-N in soil pore water quickly declined following increased precipitation and
discharge. The dynamic short-term temporal variability of NO3-N observed along the A1 transect (Fig 3: within and downslope
of shrubland) associated with precipitation events in July and September of 2017 provides evidence that a similar model of
NOs™ accumulation and subsequent mobilization occurs on the KG Hillslope. A ‘pulse-like’ signal of elevated soil pore water
NOs™-N was observed within and downslope of shrubland along the A1 transect (Fig. 3a) that corresponded to a precipitation
event which occurred overnight between July 17 — 18, 2017. This event is reflected in the §'%0 - NOs™ of two samples collected

575
within shrubland along the Al transect during this time period, where enriched values of §"%0 (> 10.0 %o; Fig. S2 in

580
campaigns, weather conditions were much drier (no recorded precipitation events) and NO3™-N concentrations showed little

variation with no daily pattern, ranging from 4.09 mg L' to 4.94 mg L' downslope of shrubland along the Al transect over
the five days in July 2018 and from 0.02 mg L' to 0.12 mg L' over two days in September 2018. While the precipitation
events in July 2017 and September 2017 did appear to mobilize NOs™ from the shrubland to the lowland area (down gradient)
585 alongthe Al transect, this mobility was only observed within the first 10-30 m downslope of the shrubland (Fig. 4a), indicating
| the presence of additional controls_(such as denitrification bacteria, assimilation, and hydrologic flushing) acting on

NOs transport across the landscape.
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Deleted: On the KG Hillslope, isotopic signatures of NOy™ from all
but two collections fall within the expected range of §'*0 - NO;™ of
microbially derived NO5™ (Fig. 5), further indicating that the soil pore
water NO5™ is a product of microbial mineralization and nitrification
rather than atmospheric deposition (Schimel and Bennett, 2004). To
determine the range of 3'*0-NO;derived from microbial
nitrification, we used Eq. (1). However, other studies suggest that
3'%0-NO;" should more closely represent 3'*0-H,O (Boshers et al.,
2019). We determined the range of §'*0O-NO; derived by microbial
nitrification to include both possibilities, shown in Fig. 5. If the
source of NO;™ was by atmospheric deposition, values of §'*N
between ~ -15 %o and ~ +15 %o and §'0 between ~ +60 %o and ~
+94 %o would be expected (Granger and Wankel, 2016).

il

In September 2017 and September 2018, some samples collected
within the shrubland along the Al and A4 transects had light 5'*N-
NO;™ (< -8.0 %o; Fig. S2 in Supplementary Material). These values
are likely representative of nitrification of DON derived from non-
alder sources (Fig. 5; more details in Supplementary Material). For
example, measurements of leaf 3'°N from moss, lichen, and dwarf
shrubs growing upslope from the alder shrublands at the KG
Hillslope range from -13.78 %o to -8.45 %o (Salmon et al., 2019b).
Nitrogen from these plant types may have been mobilized
downslope from the alder shrubland, resulting in the depleted §'*N
found within our samples.

{ Deleted: 5 ]

which had an average 8'%0 value of -15.6 £ 0.8 %o; ~1 %o more
enriched than water samples collected in July 2017, July 2018, and
September 18 (p<0.001; Fig. 6 and Table S7 in Supplementary
Material).
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Deleted: Soil pore water in the upland area was heavier in §'*0

/I composition (-15.62 + 0.86 %o) than in the lowland area (-16.56 +

"1 0.48 %), though these ranges overlap (0.40 %o; Fig. S3 in
Supplementary Material). The steep slopes in the upland area also
promote prompt drainage of rainfall and active layer melt towards
the lowlands, where the transition to a lower gradient, lack of
evaporation, and limited vertical drainage result in increased
residence times and increased storage capacity. Therefore, soil pore
water from the lowland active layer may have had a greater
component of isotopically lighter and older spring rainfall/snowmelt
and active layer ice melt, while the upland area reflected isotopically
enriched, younger summer rainfall relative to our sampling
campaigns (Kendall and McDonnell, 1998). Active layer ice in the
less well-drained lowland areas would therefore also be expected to
be lighter and to contribute more to the isotopic mass balance than in
the upland area. Thus, the isotopic composition of water in upland
soils likely reflects a larger summer rainfall component while
lowland soils likely reflect isotopically lighter active layer ice melt

(Throckmorton et al., 2015; Craig, 1961).
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4.3 Effects of redox on pore water nitrate-N

The decrease in soil pore water NO3™-N along the Al and A4 transects and increase in soil moisture, Fe*", and Mn along the

- {Deleted: Supplementary

oxic environment towards a more sub-oxic environment as the slope transitions from upland to lowland. The lack of variation h ‘[ Deleted: Material

(Jakobsen and Postma, 1999). Our data indicate that the oxic environment on the well-drained upland slope supports NO3s-N
production while sub-oxic environment of the poorly drained lowland area supports the reduction or denitrification of NO3

(Table S5 in Supplemental material).

Callahan et al., (2017) described upland hillslope alders as ‘hotspots’ for NO3™ inputs into streams at the hillslope scale, and
Harms and Jones (2012) observed greater NO3™ export in soils with increased active layer thickness. These predictions are
consistent with the elevated NO3-N concentrations within and directly downslope of alder shrubland along each transect (Fig.
4). The prevailing sub-oxic conditions downslope of Al and A4 and overall scarcity of inorganic N likely restrict NOs”
production, indicating that elevated NO3-N concentrations observed at these locations was produced within the alder shrubland
patches and flushed downslope. However, mobility of NO3™ beyond the first 20-30 m downslope of shrubland along the Al
and A4 transects was not observed (Fig. 4). Inputs and subsequent dilution from flow along the gradient may be responsible
for the decrease in NOs-N, but it is more likely due to denitrification occurring in the sub-oxic conditions, as evidenced by the
isotopic denitrification trend observed ( see Supplemental material for full isotopic discussion). Consistent with these results,
a study by Harms and Ludwig (2016) predicted that saturated soils and reducing conditions may buffer N export to downslope
ecosystems. Thus, while hillslopes dominated by alder will likely increase NOs™ availability with shrubification, sub-oxic to
reducing zones and soil saturation occurring at downslope locations may serve as buffers to down gradient mobility of NOs
through microbial denitrification. Defining the role of topographically controlled redox environments on nutrient cycling in
permafrost environments will be beneficial for understanding the likelihood of NOs™ mobilization to streams and subsequent

transport down-gradient within N-limited landscapes.

4.4 Spatial and temporal variations in nitrate-N
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In a reducing environment, enrichment of "°N and §'0 occurs
during the process of microbial denitrification (Béttcher et al.,
1990). In freshwater systems, this enrichment is typically expressed
as a 1:1 (8"0/ §"°N) relationship, though many systems have
trajectories greater or less than 1 (Boshers et al., 2019). Deviations
from a trajectory of 1 may be a result of nitrification and/or annamox
(anaerobic ammonium oxidation) that produces NOj; concurrently
during denitrification in anoxic conditions (Granger and Wankel,
2016). The locations downslope of alder shrublands follow a similar
trend of enrichment in 3'*N and §'*0 with an apparent regression
slope of 0.84 (Fig. 5), suggesting denitrification occurring in the
lowland areas.q
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distribution of NO3-N within alder shrubland and changes in the magnitude of NO3-N present in the landscape over time.

Temporally, we observed dynamic daily variability in NO3;-N correlated with precipitation events at locations within and

downslope of an alder shrubland patch_(Fig. 3).
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vegetation in the Arctic and demonstrate the importance of incorporating factors such as topography, redox conditions, and
plant functional type in watershed scale studies. Along with permafrost thaw (Harms and Jones, 2012) and changes in soil
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075  species: nitrate (NO3-N), manganese (Mn), iron (Fe?*), and sulfate (SO4*) are plotted along the secondary y-axis. See Tables S5-S6 in the
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Figure 5: Oxygen (5'*0) versus nitrogen (5'°N) isotopes of soil pore
! water NOjy". Dark blue triangles represent samples within alder
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