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Abstract Permafrost thaw is projected to restructure the connectivity of surface and subsurface flow
paths, influencing export dynamics of dissolved organic matter (DOM) through Arctic watersheds.
Resulting shifts in flow path exchange between both soil horizons (organic-mineral) and landscape positions
(hillslope-riparian) could alter DOM mobility and molecular-level patterns in chemical composition. Using
conservative tracers, we found relatively rapid lateral flows occurred across a headwater Arctic tundra
hillslope, as well as along the mineral-permafrost interface. While pore waters collected from the organic
horizon were associated with plant-derived molecules, those collected from permafrost-influenced mineral
horizons had a microbial origin, as determined by fluorescence spectroscopy. Using high-resolution nuclear
magnetic resonance spectroscopy, we found that riparian DOM had greater structural diversity than
hillslope DOM, suggesting riparian soils could supply a diverse array of compounds to surface waters if
terrestrial-aquatic connectivity increases with warming. In combination, these results suggest that
integrating DOM mobilization with its chemical and spatial heterogeneity can help predict how permafrost
loss will structure ecosystem metabolism and carbon-climate feedbacks in Arctic catchments with similar
topographic features.

1. Introduction

Widespread permafrost thaw in high-latitude regions (Koven et al., 2009; Osterkamp & Romanovsky, 1999)
could increase CO, release from soils to the atmosphere (Ernakovich et al., 2017; Natali et al., 2015; Schuur
et al., 2009) and transform the hydrology of Arctic landscapes (Frey & McClelland, 2009; Rowland et al.,
2010; White et al., 2007). While permafrost boundaries currently limit subsurface storage and control the
routing of water, carbon (C), nutrients, and sediment across Arctic landscapes (Rowland et al., 2010), perma-
frost loss is projected to increase soil drainage and the connectivity of surface and subsurface flow paths
(Walvoord & Kurylyk, 2016), with implications for catchment biogeochemistry (Harms & Jones, 2012;
Vonk et al., 2015). Of particular interest is the fate of natural dissolved organic matter (DOM), which com-
prises the dominant and most mobile form of organic C in soil pore waters (Jansen et al., 2014; Kalbitz et al.,
2003). The vast chemical diversity of DOM shapes microbial metabolism (Ernakovich et al., 2017; Mu et al.,
2017), links terrestrial and aquatic environments (Battin, Luyssaert, et al., 2009; Kellerman et al., 2014), and
influences landscape C balances (Mu et al., 2017). Understanding the chemical composition and mobiliza-
tion potential of DOM is thus essential in determining the proportion of newly thawed soil C that is con-
verted and released to the atmosphere as carbon dioxide (CO,), incorporated into microbial biomass, or
stabilized in the soil mineral matrix (Lynch et al., 2018). These dynamics will influence whether Arctic
catchments, which currently contain nearly half of the world’s soil organic C reservoirs, remain a globally
relevant C sink.

Geophysical factors, such as soil moisture and hillslope angle, vary between landscape positions (Anderson
et al., 2008; Kane et al., 1989; Klaus et al., 2013; Seibert et al., 2009; Weiler & McDonnell, 2006) and can mod-
ulate DOM residence time (Mu et al., 2017) and transformation potentials (Battin, Kaplan, et al., 2009)
within a catchment. DOM mobilization through mineral soils is limited by low permeability and
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hydraulic conductivity (Cooper et al., 1993; Santeford, 1978). However, preferential flow mechanisms such
as pipe networks (Carey & Woo, 2000), water tracks (Bowden et al., 2008), desiccation and contraction
cracks (Lachenbruch, 1962; Woo, 2012), and macropore flow (Weiler & McDonnell, 2006) can increase
DOM exchange between soil horizons and lead to the mass loading of DOM to recipient streams (Covino,
2017), particularly as permafrost thaws. While antecedent soil moisture conditions typically control when,
and how extensively, preferential flow networks are activated (Weiler & McDonnell, 2006), water in satu-
rated mineral soils can be discharged to porous organic horizons and released directly to streams (Hinton
et al., 1994; Kirchner, 2003; Neilson et al., 2018; Zastruzny et al., 2017). Evidence that DOC exported from
permafrost soils is susceptible to photodegradation and microbial consumption (Ward et al., 2017) suggests
increasing connectivity of soil flow paths to sunlit waterways could amplify C-climate forcing (Cory et al.,
2013). Although permafrost-influenced soils are an important source of chemical energy to stream ecosys-
tems, we currently lack a quantitative understanding of how DOM is cycled through Arctic hillslope envir-
onments and how the residence time of water parcels in different landscape positions influences DOM
reactivity.

The residence time of water as it is conveyed across the terrestrial landscape determines the extent to which
microbial communities can metabolize and alter DOM chemistry before it enters surface waters (Battin,
Kaplan, et al., 2009; Mu et al., 2017). Substrates with low physicochemical reactivity, including aromatic
compounds and those with high C:N (Ward et al., 2017), may be utilized by microbial communities with
low metabolic efficiency (Lynch et al., 2018), resulting in the release of CO, and CH, to the atmosphere
(Cotrufo et al., 2013). In contrast, substrates with higher physicochemical reactivity, such as oxygen-bearing
or low C:N compounds, may be preferentially incorporated into microbial biomass (Liang et al., 2017). As a
result, the assimilated DOM pool may be homogenized to common microbial residues, including detrital
proteins and lipids that promote organic matter (OM) aggregation and stabilization within the soil matrix
(Koven et al., 2009). Increasing mineral exposure could sequester DOM at the permafrost thaw front
(Schmidt et al., 2011), but mineral-sorbed DOM can be released back into soil pore water depending on
redox conditions, bonding environment, and microbial metabolism (Herndon et al., 2017; Kaiser &
Kalbitz, 2012; Keiluweit et al., 2017; Riseborough et al., 2008). Additionally, enhanced plant productivity
and plant inputs in the Arctic (Natali et al., 2012; Rustad et al., 2001) could promote the destabilization of
mineral-associated OM via “priming” mechanisms (Fontaine et al., 2007; Keiluweit et al., 2015; Wild
et al., 2014), making DOM vulnerable to transport or microbial processing. Because pore water DOM has
the potential to structure downslope metabolism and in-stream productivity, it is essential to understand
how hillslope environments influence its transport and chemical transformation.

DOM is comprised of an amalgam of compounds including recently produced plant products, microbial
metabolites, and OM fragments that have been extensively degraded and reprocessed (Liang et al., 2017).
Consequently, DOM is one of the most heterogeneous natural mixtures and requires the adoption of
higher-resolution chemical techniques to determine its structural composition (Kellerman et al., 2014;
Woods, Simpson, Koerner, et al., 2011), transformation in pore water environments (Ward & Cory, 2015),
and influence on terrestrial C balances (Roth et al., 2014). Here we use nuclear magnetic resonance
(NMR) spectroscopy to improve our understanding of the fate of DOM as it is cycled in soil pore waters.
Solution state "H-NMR offers a powerful, nontargeted approach that can quantitatively classify DOM struc-
tures and metabolites by taking advantage of the magnetic spin properties of certain nuclei, including ‘H
and >C, among others (Simpson et al., 2012). In addition to providing complete, quantitative (via peak
intensity), and structurally informative (via chemical shift) measures of DOM composition, distinct regions
of NMR spectra correspond with characteristic molecular properties, shedding light on structural classes
relevant to ecosystem metabolism.

In this study, we characterized DOM chemistry and transport from two landscape positions (hillslope and
riparian) and two soil horizons (organic and mineral) within Imnavait Creek watershed in northern
Alaska. Imnavait Creek is an acidic tussock-tundra site that has been extensively monitored (Cooper
et al., 1993; Kane et al., 1989; McNamara et al., 2008) and is representative of large regions of low-gradient
Arctic foothills that extend across much of the North Slope of Alaska (Walker & Walker, 1996). We applied a
suite of complementary approaches, including solution-state '"H-NMR and fluorescence spectroscopy, to
characterize the chemical composition of pore water DOM. We assessed the mobilization and exchange
potentials of DOM flowing through organic soils versus along the mineral-permafrost interface using
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Figure 1. Study sites were located in northern Alaska (a) near Imnavait Creek (b, direction of stream flow shown by blue arrows). Three replicated lysimeter
arrays were established in representative hillslope (green) and riparian (blue) landscape positions (c). At the top of each lysimeter array (d), we applied potas-
sium bromide (red circle) to trace preferential flow paths and exchange potentials between organic and mineral soil horizons in hillslope and riparian positions
(dotted contour lines are an idealized representation of slope angle and topography, the solid black line represents assumed downslope export of dissolved organic
matter). At each array, lysimeters O, O,, and O3 were installed in the organic horizon, 12 cm below the soil surface, and lysimeters M1, M,, and M3 were
installed at the mineral-permafrost interface, approximately 50 cm below the soil surface (shown in blue). Lysimeters Oz and M3 (blue profiles not shown) were
installed on a 45° angle from the site of bromide application (red arrow not drawn to scale) to estimate horizontal flows across the landscape.

bromide, a conservative salt tracer. We hypothesized that (1) DOM is rapidly exported through porous
organic relative to mineral soils, with minimal exchange between the two horizons and (2) DOM
composition converges from hillslope to riparian positions, as the abundance of homogeneous microbial
metabolic products sequentially increases and DOM chemical diversity decreases. With this rationale, we
evaluated two predictions: (1) organic and mineral soil horizons act as independent reactors, with distinct
chemistries propagated downslope and (2) DOM diversity is significantly higher in hillslope than riparian
landscape positions.

2. Materials and Methods

2.1. Field Site Characterization

Imnavait Creek is located in the northern foothills of the Brooks Range in Alaska, USA (68°37'N, 149°17'W;
Figure 1). The small headwater basin is completely underlain by permafrost and drains approximately
2 km?. Soil substrates were deposited during the Sagavanirktok glaciation, approximately 300,000 years
ago, and classified as Histic Pergelic Cryaquepts (Walker & Walker, 1996). The porous organic horizon is
comprised of live and dead roots, and the mineral horizon is made of silt overlying rocky glacial till and melt-
water deposits capped by thick loess and solifluction lobes (Walker & Walker, 1996). The maximum thaw
depth during sampling was 60 cm, which is within the 13-year average thaw depth of the Imnavait catch-
ment (Kling, 2007).

Dry prostrate shrub and fruticose-lichen tundra dominate the hillcrest and shoulder of the Imnavait Creek
catchment. Dominant hillslope vegetation consists of Eriophorum vaginatum (a tussock-forming sedge),
Betula nana (a dwarf birch shrub), and mosses. Along the riparian corridor, the high abundance of
Sphagnum mosses increases soil acidity and reduces active layer thickness (Walker & Walker, 1996).
Imnavait Creek is a shallow beaded stream; ponded sections form at ice-wedge polygon intersections and
are connected by short water courses (Walker & Walker, 1996). For the duration of this study—1 to 23
August 2016—cumulative precipitation was 58 mm, air temperature at 1 m ranged from —1.6 to 18 °C, aver-
age soil temperatures were 8 °C in the organic horizon (10 cm deep) and 4 °C in the mineral horizon (50 cm
deep), and average in situ soil moistures were 32% (Toolik Lake EDC, Imnavait Creek SNOTEL Site # 968,
930-m elevation, North Slope County, 68°37'N by 149°18'W).

We measured soil bulk density at three locations in hillslope and riparian landscape positions. We carefully
removed the aboveground litter layer and collected 10 X 10-cm” volumes of soil from the soil surface to the
permafrost interface in 10-cm increments. We determined soil bulk density by dividing the dry mass by the
volume of each sample. We used average organic and mineral bulk densities for subsequent
statistical analyses.
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2.2. Lysimeter Array

Two landscape positions (hillslope and riparian) were selected to assess flow pathways through organic and
mineral soil horizons. On 2 August 2016, we installed three replicated arrays of clustered soil pore water
samplers, hereafter referred to as lysimeters (1900L series from Soil Moisture Equipment Corp., Goleta,
CA), at each landscape position, with six lysimeters per array (n = 36, Figure 1). Arrays were spaced 10 m
apart from each other. Within each array we installed three lysimeters in the organic horizon (12 cm deep;
depicted in Figure 1 as lysimeters O;, O,, and O3), and three lysimeters at the mineral-permafrost interface
(approximately 50 cm deep; depicted in Figure 1 as lysimeters M;, M,, and M3). The first two sets of paired
lysimeters were installed at a distance of 0.25 (O,), 0.50 (M), 1.25 (O5,), and 1.50 (M) m directly downslope
(180° angle) from the site of bromide application (see below) to assess the assumed primary flow paths. We
installed a third pair of lysimeters 1.25 (O3) and 1.50 (M3) m down-valley (on a 45° angle) from the site of
bromide application to capture potential lateral flow across the hillslope (Figure 1). We placed mineral hor-
izon lysimeters 0.25 m downslope from the organic horizon lysimeters to minimize disturbance
from installation.

We installed each lysimeter by digging a 10-cm diameter hole using a Dutch-style sandy soils auger, placing
the lysimeter to the appropriate depth, and backfilling around the porous ceramic cup with silica flour to
establish hydraulic contact between the soil matrix and sampling cup. We finished backfilling around the
PVC tube with excavated soil. To collect pore water samples, we established a 65-centibar vacuum using a
gauged vacuum hand pump (Soil Moisture Equipment Corp.) and sealed the lysimeter by folding over the
Neoprene tubing and securing it with clamping rings. We extracted soil pore water from each lysimeter by
unclamping the Neoprene tubing and connecting it to a 50-ml syringe or 1-L Erlenmeyer extraction Kkit.
After recording the volume of pore water collected, samples were transferred to sterile 60-ml amber borosi-
licate bottles, and the vacuum was reestablished for the sampled lysimeter. Extraction lines and flasks were
thoroughly rinsed six times with deionized water before subsequent sampling.

The location of each lysimeter was recorded using a Trimble GeoXT mapping grade receiver. Spatial charac-
teristics were extracted from LiDAR data collected by Vierling et al. (2013). Elevation was calculated using
the NAVDSS (vertical datum) and Geoid 12A. Terrain ruggedness was calculated as relative topographic
position, where larger values correspond to greater surface roughness (Jenness, 2004). Relative topographic
position was calculated as the difference between the maximum and minimum elevation at the location of
each lysimeter, with a resolution of 25 cm. Aspect was measured relative to true north. All spatial character-
istics are reported in Table S1 in the supporting information.

2.3. Pore Water Chemistries

We allowed the lysimeters to equilibrate for 1 week and purged them twice to minimize collection of samples
influenced by soil disturbance. On 8 and 12 August 2016, we collected pore waters for detailed chemical ana-
lysis into sterile 60-ml amber borosilicate bottles, placed each bottle on ice in the field, froze them within 2 hr
of collection and transported them to Colorado State University for analysis (described below). Dissolved
organic carbon (DOC) and total dissolved nitrogen (TDN) concentrations were measured on a Shimadzu
TOC-L (Shimadzu Scientific Instruments, Inc.) at the Fort Collins Biogeochemistry Laboratory, CO (U.S.
Forest Service), with detection limits of 0.3 uM for DOC and 0.4 uM for TDN. Inorganic nitrogen (NO5~
and NH,") and phosphate (PO,*7) concentrations were measured on an Alpkem flow solution IV auto-
mated wet chemistry system (O.I. Analytical College Station, TX), with detection limits of 0.8 uM for
NO;~, 2.8 uM for NH, ™, and 0.5 uM for PO>~.

Due to the remote location of our field site, we chose to freeze DOM samples, which is the preferred storage
method for NMR analysis (Pautler et al., 2010; Rist et al., 2013; Woods, Simpson, Pautler, et al., 2011) but has
been shown to affect optical fluorescence measurements (excitation-emission matrices [EEMS]). More spe-
cifically, freeze-thaw dynamics may alter fluorescent DOM composition and concentration (>10%) when
sample aromaticity is high (SUVA,54 > 3.5 L«mg-C_1~m_1; Fellman, D’Amore, & Hood, 2008; Pokrovsky
et al., 2018), although evidence is mixed (Coble et al., 2014; Otero et al., 2007; Spencer et al., 2010). We feel
our EEMS results are robust because (1) SUVA,s, values (<3.0 L-mg—C_l-m_l) were below the threshold
where significant alterations have previously been found (Fellman, D’Amore, & Hood, 2008), (2) DOM che-
mical composition and aromatic characteristics are similar to previously reported values for unfrozen
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samples collected from the same sampling location (Imnavait watershed, Ward & Cory, 2015) and from
other active layer soil horizons (low Arctic, Waldrop et al., 2010), (3) DOC concentrations are within range
of groundwater samples collected the year prior from the same watershed (1,500-2,000 pM vs. 300-
2,100 uM, respectively, Neilson et al., 2018) and DOC concentrations in unfrozen soil-water samples
(Waldrop et al., 2010; Ward & Cory, 2015), (4) our NMR results support those found using EEMS, and (5)
we observed no evidence of flocculation or production of brown particles in thawed samples, which is char-
acteristic of abiotic particle formation and OM precipitation (Fellman, D’Amore, & Hood, 2008; Giesy &
Briese, 1978).

2.4. Optical Fluorescence

We used fluorescence EEMS and specific ultraviolet absorbance to characterize the chromophoric and fluor-
escent properties of pore water samples using an Aqualog spectrofluorometer with a xenon excitation source
(Horiba-Jobin Yvone Scientific Edison, NJ). We normalized samples to 5 mg-C/L, set the excitation and
emission slits to a 3-nm band pass, and incrementally increased wavelength in 3-nm steps from 200 to
800 nm. A sealed cuvette of fluorescence-free DI water was used as a blank and analyzed between every
10 samples to correct for instrument drift. Following spectral analysis, each sample was corrected for
inner-filter effects, Rayleigh scatter was masked using first and second grating orders, and the spectra were
corrected by the sample blank to minimize the influence of water Raman peaks (Ward & Cory, 2015). We
calculated DOC normalized specific ultraviolet absorbance at 254 nm (SUVA,s,) by dividing the absorbance
at 254 nm by the path length (m) and DOC concentration (mg-C/L). Resulting SUVA,s,4 values, reported as
liters per milligram of carbon per meter, are used as an indicator of aromaticity (Weishaar et al., 2003). We
quantified EEMS using the fluorescence regional integration approach as outlined by Chen et al. (2003) to
identify five spectral regions (Matlab R2016b). EEMS regions I and II are related to simple aromatic proteins
(similar to tyrosine and tryptophan), region III to fulvic-acid type material, region IV to soluble microbial
byproduct-like material, and region V to humic acid-type organics (Chen et al., 2003). The fluorescence
regional integration approach is well suited to capturing the underlying heterogeneity and compositional
quality of aromatic DOM in soil pore waters because it quantifies regions of wavelength-dependent fluores-
cent intensities rather than selecting several data points per spectra (Chen et al., 2003).

2.5. NMR Spectroscopy

We lyophilized 60 ml of frozen water collected from each lysimeter using a FreeZone 6 Liter Console Freeze
Dry System (Labconco Corp. Kansas City, MO). We relativized pore waters to the lowest C concentration
(60.78 uM) and resuspended samples in a mixture of 10% deuterium (Cambridge Isotope Laboratories) and
90% HPLC-grade water (Sigma Aldrich). We transferred reconstituted samples to Wilmad 535-PP NMR tubes
(Wilmad Glass, SP-Industries, Inc.) for high-precision analysis (McCay, 2009). All "H-NMR spectra were col-
lected with a Varian Inova 500-MHz NMR spectrometer using a 1-D nuclear Overhauser effect spectroscopy
(NOESY) presaturation experiment. Each experiment was performed with an actively shielded z gradient and
a 3919 WATERGATE pulse sequence, which is favored in solution-state NMR for suppressing the water sol-
vent peak at 4.7 ppm (Adams et al., 2013; McCay, 2009). We acquired spectra with 32 k time domain points
and 1,024 scans at 298 K and reduced baseline distortions around the suppressed water peak using Crude
and Whittaker smoothing. NMR regions were assigned the following chemical shifts based on their atomic
composition and bonding properties: NMR region I (0.6-1.6 ppm) is characteristic of methyl, methylene,
and methane bearing protons; region II (1.6-3.2 ppm) is characteristic of unsaturated functional groups,
including ketone, benzylic, and allylic-bearing protons; region III (3.2-4.5 ppm) is characteristic of unsatu-
rated, heteroatomic compounds, including O-bearing carbohydrates, ethers, and alcohols; region IV (6.5-
8.5 ppm) is characteristic of conjugated, double bond functionalities, including aromatic, amide, and phenolic
structures (Kalbitz et al., 2003; Simpson et al., 2007). We integrated the peaks beneath each bonding environ-
ment to calculate the relative contribution of each index in describing the structural composition of pore water
DOM (Woods, Simpson, Koerner, et al., 2011, 2009). These assignments represent only the predominant spe-
cies within each region; individual metabolites can exhibit proton resonance across multiple regional indices.

A subset of samples were diluted by 10% (v/v) with 5-mM DSS (2,2-dimethyl-2-silapentane-5-sulfonate-d6)
as an internal standard at 0 ppm and analyzed at the Pacific Northwest National Laboratory using a
Varian Direct Drive 600-MHz NMR spectrometer equipped with a 5-mm triple-resonance salt-tolerant cold
probe. The 1-D spectra were processed using Chenomx NMR Suite 8.3 software, with peak quantification
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assigned relative to the DSS internal standard. Candidate metabolites were identified by matching the che-
mical shift, intensity information, and J coupling to metabolite libraries available in the Chenomx library,
and these 1-D 'H spectra were collected as previously described (Dalcin Martins et al., 2017; Daly et al.,
2016). For reference, the detection and concentration of annotated metabolites is provided for representative
lysimeters in Table S2.We procured the InChl code for each annotated metabolite from PubChem and used
ClassyFire to identify its chemical taxonomy (Feunang et al., 2016).

2.6. KBr Tracer Additions

To assess whether DOM mobilization differed between landscape position and soil horizon, we used potas-
sium bromide (KBr) as a conservative hillslope tracer. We selected KBr because of low background concen-
trations at our field site, minimal adsorptive properties, and low toxicity (Davis et al., 1980). At each
lysimeter array, we applied 1 L of 5-M KBr solution to the soil surface on 12 August 2016 (infiltration was
instantaneous). We sampled lysimeters 5 and 8 hr after application (insufficient soil moisture at the hillslope
position precluded extraction after 8 hr), and then once daily for 10 consecutive days, resulting in 14 samples
per lysimeter at the riparian landscape position and 13 samples per lysimeter at the hillslope landscape posi-
tion. We measured bromide concentrations on a Dionex ICS-3000 Ion Chromatograph at the Fort Collins
Biogeochemistry Laboratory, CO (U.S. Forest Service), with a detection limit of 0.13 uM.

The changing bromide tracer concentration sampled through time is known as the breakthrough curve
(BTC). We developed bromide tracer BTCs for each sampling lysimeter and used these data to calculate
modal transport velocities. First, we calculated modal transit time as the time from tracer injection to the
time to reach peak BTC concentration at each lysimeter. Next, we calculated modal transport velocities as
the horizontal distance from the KBr application site to the sampling lysimeter (i.e., travel distance) divided
by modal transit time. We focused on modal tracer velocities for two reasons: (1) The modal velocity is the
most frequent velocity of the velocity distribution, and, 2) while BTCs at most sampling lysimeters reached
peak BTC concentration and then began to decline, not all BTCs returned to background concentration. In
cases where the BTCs did not return to background concentration, calculations of other components of the
velocity distribution (e.g., median tracer velocities) would be incorrect. Conversely, calculation of modal
velocity is only dependent on the time to reach peak BTC concentration and is not influenced by whether
the BTC returned to background. We restricted our statistical analysis to estimate modal velocities for lysi-
meters that reached a clear peak BTC concentration (n = 28) during the sampling period (Figure S1).
Lysimeters that did not reach peak BTC after 10 days were primarily installed in the mineral horizon
down-valley (at a 45° angle) from the site of bromide application (M3 lysimeters as depicted in Figure 1),
where slower dispersive forces seemingly dominate DOM transport.

2.7. Statistical Analyses

We used linear mixed-effects models to test the effect of landscape position (hillslope vs. riparian) and soil
horizon (organic vs. mineral) on DOM properties and modal tracer velocities using the lme4 package
(Bates et al., 2016) in R version 3.3.1. Landscape position, soil horizon, and their interaction were included
as categorical fixed effects, and the blocked array design was included as a categorical random effect. Data
were log transformed when necessary to meet assumptions of normality, evaluated with Shapiro-Wilk tests.
Model residuals were inspected for constant and homogenous variance using Q-Q and residual versus fitted
plots and formally tested with normal and studentized Breusch-Pagan tests and nonconstant variance scores.
We summarized our model output using the Ismeans package (Table 1), which provides pairwise compari-
sons among least squares means and Tukey’s Honestly Significant Difference adjusted p values
(Lenth, 2016).

We identified relationships between our dependent variable of interest (modal tracer velocity, pore water
chemistry, regional EEMS indices, and NMR bonding environments) and potential predictor spatial vari-
ables using multiple linear regression analysis. We identified highly correlated variables using Pearson cor-
relation plots (Figure S2) and calculated variation inflation factors for each parameter in the model using the
vif function in the R car package (Fox & Monette, 1992). We assigned a variation inflation factor cutoff value
of 2 (Zuur et al., 2010) and sequentially removed variables until only independent predictor variables
remained (Duffy et al., 2016). Potential variables for the initial regression analysis included surface rough-
ness, slope angle, aspect, distance from Imnavait creek, and soil bulk density. Stepwise multiple linear
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regressions were conducted following Sutfin and Wohl (2017) using the step function in the R stats package
with Akaike information criterion as the model selection criterion. We normalized TDN, PO43_, EEMS
regions IV and V, and modal velocity using boxcox power transformations in the R MASS package and ver-
ified assumptions of normality and constant and homogenous variance as above (regression output and A
values are reported in Table S3). To test for an association between fluorescence composition and spatial
or chemical drivers, we used constrained analysis of principal components (capscale), an ordination method
available in the R vegan package (Oksanen et al., 2007). We computed Bray-Curtis dissimilarities from fluor-
escence indices and fit 15 potential drivers to the ordination (Figure S3), before limiting drivers to include
only those variables contributing to sample separation in ordination space (defined as eigenvalues >0.5);
p values were calculated over 2,000 permutations.

We used MetaboAnalyst 3.0 (Xia & Wishart, 2016) to process and analyze NMR metabolites (following
removal of the solvent peak at a shift of 4.5-5.0 ppm). We sum-normalized and z-transformed variables
and removed noninformative spectral regions using interquartile range filtering, a recommended data pre-
treatment step for untargeted metabolomics data sets (Hackstadt & Hess, 2009). We used partial least
squares-discriminant analysis, a method commonly applied to chemometric data sets (Grootveld, 2014), to
determine whether samples clustered by categorical factors (landscape position or soil horizon) using the
plsr function in the R pls package (Wehrens & Mevik, 2007). We explored relationships between the distri-
bution and intensity of the metabolites and classification system (landscape position or soil horizon) using
random forest classification and B/W permutation tests and assessed the performance of each generated
model with tenfold cross-validation methods. For each model, we generated 2,000 permutations to test
whether our hypothetical classification systems were significantly better than those arising through random
chance (Grootveld, 2014).

3. Results

3.1. Influence of Landscape Position and Soil Horizon on Pore Water Chemistry

Contrary to our expectations, variation in DOC concentrations was not explained by landscape position or
soil horizon (Figure S4 and Table 1). We observed significant interactions between landscape position and
soil horizon for TDN and NH,* pools (Table 1). TDN concentrations were 1.6 times higher in pore waters
collected at the mineral-permafrost interface than those collected from the organic horizon of the riparian
corridor (Fy »g = 0.58, p < 0.01, Figure S4) and NH," concentrations were twice as high in riparian mineral
soils than all others (F; 5 = 1.69, p < 0.001). Pore water nitrate concentrations were below detection limit
(<0.8 uM). We observed main effects of landscape position and soil horizon (no interaction) on pore water
PO,>~ concentrations, which were 14% higher in overlying organic than mineral soils (F; 3, = 21.26,
p < 0.001) and 10% higher on the hillslope than along the riparian corridor (F; 3, = 16.07, p < 0.001,
Figure S4).

Optical fluorescence characteristics, which characterize the chromophoric fraction of DOM, were not influ-
enced by landscape position but differed significantly between soil horizons (Table 1). The relative percent
intensities for EEMS regions II and IV, related to simple aromatics and soluble microbial-type proteins, were
12% and 6% higher in pore waters collected at the permafrost-mineral interface than those collected in the
upper organic horizon (F; 55 = 37.25, p < 0.001 and F; »5 = 21.12, p < 0.001, respectively). In contrast, regions
IIT and V, related to plant-derived compounds, exhibited 25% and 8% higher relative fluorescence intensities
in the organic than the mineral horizon (F; g = 15.10, p < 0.001 and F; 3, = 18.94, p < 0.001, respectively).
Regressing region IV against region V revealed a strongly negative relationship (adjusted r* = 0.54), suggest-
ing microbe-derived products are enriched at depth (Figure S5). We also observed a significant interaction
between landscape position and soil horizon on DOM aromaticity, with significantly higher SUVA,s,4 values
in hillslope mineral than hillslope organic soil horizons (F; 3 = 0.14, p < 0.01). Using constrained analysis of
principal components, we identified five drivers associated with fluorescence composition that separated
pore waters collected from the mineral and organic horizon (Figure 2). Within ordination space, principal
coordinate 1 explained 32% of the variation across the data set and principal coordinate 2 explained an addi-
tional 8%. Pore waters with aromatic contributions from EEMS regions II and IV were associated with
greater bulk densities (p < 0.001) and structural features characteristic of O-bearing carbohydrates, ethers,
and alcohols functionalities. In contrast, EEMS regions III and V, indicative of plant-derived compounds,
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Figure 2. Multivariate analysis of fluorescence data and drivers using con-
strained analysis of principal components (capscale). Ordinations are
based on Bray-Curtis dissimilarity. Pore water samples were collected from
the organic (open symbol) or mineral (closed symbol) soil horizons. Spatial
and pore water variables with eigenvalues >0.5 are fit to the ordination.
Variables with a significance level of <0.05 (*), <0.01 (**), and <0.001 (***)
were identified using analysis of variance with 2,000 permutations.

Component 2 ( 12.6 %)

were associated with preferential, downslope flows through organic soil
horizons, and greater structural diversity within lower chemical
shift regions.

3.2. Metabolite Characterization (NMR Analysis)

We observed significant structural variability in pore water chemistries
collected from hillslope and riparian landscapes as well as from organic
and mineral soil horizons (Figures 3 and S6). Results were consistent
across multiple spectral integration approaches (not integrated, integrated
by regional index, or integrated by parts per million shift, data not shown).
Together, the first two partial least squares-discriminant analysis compo-
nents explained 47% of the variance, with maximal classification perfor-
mance achieved with five components (©* = 0.87; CV accuracy = 0.61).
The overall random forest out-of-bag error was 0.56, with the best classifi-
cation achieved for riparian organic pore waters (0.33). Classification
error was highest (0.88) for hillslope organic soils, which featured a core
set of metabolites common across the landscape.

NMR regions I and IV, indicative of aliphatic chains and conjugated aro-
matic compounds, were 8% and 6% higher in organic soil horizons than at

the mineral-permafrost interface (Table 1, p < 0.01). We observed a significant interaction between land-
scape position and soil horizon on proton resonances within region II, which were enriched along the per-
mafrost interface of the riparian landscape position and are associated with highly processed, refractory
compounds (Hertkorn et al., 2006) as well as allylic and ketone-bearing groups. Proton resonance within
region III, associated with carbohydrate and other heteroatom-bearing compounds, accounted for only 8%
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Figure 3. Partial least squares-discriminant analysis plot of dissolved
organic matter from '"H-NMR analysis clustered by landscape position and
soil horizon. Each circle represents a sample and shaded ellipses represent
95% confidence intervals for each a priori cluster. Ellipse overlap signifies no
significant difference between clusters. Two thousand permutations were
generated to test whether our classification systems (landscape position and
soil horizon) were significantly (p < 0.05) better than those arising through
random chance.

of all spectral features and were marginally more abundant at the hill-
slope position (Table 1, p = 0.08). Formate, a derivative of C3 plants,
and acetate were the most abundant metabolites, with higher concentra-
tions in hillslope soils. Fermentation byproducts, including methanol, iso-
propanol, and lactate were also present and enriched in mineral soils.
Several short-chain fatty acids, including suberate, butyrate, and isovale-
rate were present in relatively low concentrations (<22 pM) across land-
scape positions and indicative of microbial metabolism (Table S4).

3.3. Environmental Drivers of DOM Mobilization

During our observation period, bromide concentrations did not peak at
five lysimeters installed in the mineral horizon down-valley (at a 45°
angle) from the site of bromide injection, suggesting dispersive flow is
slower than down-gradient flow along the hillslope. After restricting our
analysis to include only lysimeters with clear bromide tracer BTC peaks,
we found that modal velocities did not differ significantly across land-
scape positions or between soil horizons (Figure 4). For reference, it
would take approximately 6 days for DOM to travel 1 m directly down-
slope. Soil bulk density explained 18% of the variability in modal velocities
(p < 0.01) and reduced the best-fit Akaike information criterion model
scores by 4.6 relative to the null model (Table S2).

4. Discussion

Rapid warming in high-latitude regions is expected to thaw permafrost
and mobilize pore water DOM through deep flow paths. The results of this
study advance our understanding of how the transport and transforma-
tion of DOM within a headwater tundra catchment influences its fate.
Combining hillslope connectivity with DOM chemistry provides unique
insight into pore water cycling, which is critical to understanding the
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interactive metabolism of terrestrial and aquatic environments (Figure 5).
We found that compounds mobilized through the porous organic horizon
were associated with plant-derived molecules, while those flowing
through mineral soils had a microbial footprint. Landscape position also
influenced the structural diversity of DOM, which increased during
downslope transport from hillslope to riparian soils. While the chemical
composition of DOM varied across the hillslope, the potential for rela-
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Figure 4. Boxplot panels representing the modal velocity of bromide inter-

Tetzlaff et al., 2015) and seasonal variability in subsurface storage capaci-

cepted from lysimeters installed in the hillslope or riparian landscape ties (Carey & Quinton, 2005; Koch et al., 2013). Within similar low-
position and from organic or mineral soil horizons (excluding lysimeters gradient Arctic watersheds, permafrost losses are expected to deepen
that did not reach peak breakthrough curve bromide concentrations during  hydrologic flow paths and increase groundwater flows (Blaen et al.,
the 10-day sampling period). Modal velocities were not significantly 2014; Vonk et al., 2015; Walvoord & Kurylyk, 2016; White et al., 2007).

different between soil horizons (p = 0.20) or landscape position (p = 0.90).
Each box spans the interquartile range and whiskers extend to the minimum

While the vertical decrease in soil bulk density was a significant predictor

and maximum of the distribution (n = 6). of modal tracer velocities, our results suggest deepening downslope flow

paths will not substantially retard DOM delivery to surface waters.
Relatively fast DOM mobilization through mineral soils has been observed within thin saturated layers that
can develop at the base of the active layer as a result of infiltration, and via fill-spill mechanisms that are con-
trolled by permafrost microtopography (Zastruzny et al., 2017). Similar work by Neilson et al. (2018) suggests
substantial surface-subsurface (up to 30 cm deep) exchanges of water occur during downslope transport and
are driven by local topography and vertical decreases in subsurface permeability. These findings help explain
consistent DOC concentrations across landscape positions and soil horizons, which correspond to low varia-
bility in DOC concentrations delivered to Imnavait Creek across a range of hydrologic states and flow path
depths (Neilson et al., 2018). However, we observed significant differences in the molecular composition of
DOM between soil horizons, suggesting that pore waters are not fully mixed during vertical exchange.
These findings are in agreement with work conducted in water tracks—zero-order hillslope channels with
perennial subsurface flows—that balance the seasonal transport and reactivity of DOM delivered to surface
waters as a result of thaw depth and antecedent moisture conditions. Lysimeters installed in the mineral hor-
izon and down-valley (at a 45° angle) from the site of tracer injection did not reach peak bromide concentra-
tions after 10 days, which suggests permafrost microtopography complicates flow networks and may extend

riparian "'1)-\\\0(4

permofrosf

Figure 5. Conceptual model depicting the downslope transport and transformation of dissolved organic matter (DOM)
through Arctic hillslopes. DOM export velocities through organic (red arrows) and mineral (blue arrows) soil
horizons were not significantly different. However, shifts in vegetation and root exudate deposition, as well as
chromatographic fractionation (coiled arrow), influence DOM structural diversity, which increases during downslope
export and is greatest along the thawing mineral-permafrost interface.
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the residence time of water within the mineral matrix (Angermann et al., 2017; Atchley et al., 2015; Rodhe &
Seibert, 2011; Zastruzny et al., 2017). As a result, sustained, lateral dispersion may partially offset rapid export
along preferential flow paths in low-gradient catchments and help shape the molecular composition of mate-
rials delivered to surface waters (Harms & Jones, 2012; Kawahigashi et al., 2004; Vonk et al., 2015; Ward &
Cory, 2015).

DOM composition was strongly related to soil horizon. In pore waters collected from the organic horizon, we
observed the highest relative fluorescent intensities of fulvic and humic-type acids. During microbial decom-
position, plant-derived molecules are broken into smaller compounds, increasing the relative proportion of
polar and ionizable groups (Lehmann & Kleber, 2015). These fragments are more soluble in water and can
be preferentially leached from organic to mineral soil horizons (Zhang et al., 2017), where they may
accumulate at depth if isolated within the mineral matrix. As a result, the distribution of DOM at depth
may be partially independent of preferential flow paths and contribute to incomplete pore water mixing
(Neilson et al., 2018). We also observed greater contributions of NMR region I—hydrophobic, aliphatic
species primarily related to methylene or methyl-bearing protons—in the organic horizon, and high
concentrations of chromophoric DOM (cDOM) at depth, suggesting these exchange mechanisms directly
fractionate DOM across the soil profile (Zhang et al., 2017). The soil profile may thus act as a dynamic
chromatograph (Kaiser & Kalbitz, 2012), where compounds are selectively retained or leached depending
on their solubility, association with the soil mineral matrix, and chemical reactivity (Fellman, Amore,
Hood, & Boone, 2008; Lehmann & Kleber, 2015).

The reactivity of OM typically increases with fragmentation and could increase physicochemical complexa-
tion with soil minerals (Lehmann & Kleber, 2015), which has been proposed as a mechanism of DOM reten-
tion in the Arctic (Schmidt et al., 2011). However, we observed similar DOC concentrations exported
through mineral and organic soil horizons, suggesting that large DOM pools are mobile at depth and may
be the result of continual DOM sorption and dissolution from the mineral matrix (Kaiser & Kalbitz,
2012). The chemical signature of DOM leaching from surface to deep soil horizons and flowing along the
permafrost-interface could reflect sequential and intensive microbial processing during export, leading to
a divergence of DOM chemistries in riparian versus hillslope positions (Liang et al., 2017; Wickland et al.,
2007; Zhang et al., 2017). Leaching of DOM from rhizosphere organic soils to permafrost-influenced mineral
soils may therefore be an important mechanism of OM translocation (Zhang et al., 2017) with the potential
to stimulate deep-horizon metabolism (Fontaine et al., 2007).

Pore waters collected at the mineral-permafrost interface had the highest and most variable relative fluores-
cent intensities of simple aromatic proteins and soluble microbial byproducts (Chen et al., 2003). Although
we observed higher SUVA,;s, values at depth, resonance within NMR region IV, associated with aromatic,
amide, and phenolic structures (Pautler et al., 2010), was lower in deep mineral than organic soils.
Notably, the most abundant metabolites collected at the permafrost-mineral interface were nonchromopho-
ric compounds, including formate and fumarate—carboxylic acids associated with microbial degradation of
aromatic compounds—and xanthine, a purine-derived metabolite associated with secondary plant metabo-
lism (Feunang et al., 2016). This observation highlights the need for careful interpretation of EEMS and
SUVA,s, indices, which resolve only cDOM (Spencer et al., 2015; Zhang et al., 2017). We also observed higher
ammonium concentrations (and lower C:N ratios) in permafrost-influenced pore waters, suggesting greater
microbial turnover of deep OM (Ward & Cory, 2015). Alternatively, physical leaching of N-rich compounds
from the organic horizon could increase N availability at depth, amplifying the direct effects of warming on
microbial activity (Schmidt et al., 2011). While pore water nitrate concentrations were below detection limit
during late-season sampling, autumn concentrations typically range between 0.1 and 1.0 uM (Abbott et al.,
2014; Darrouzet-Nardi & Weintraub, 2014; Harms et al., 2016; Harms & Jones, 2012). Release of nitrate at
the permafrost thaw front and low rates of denitrification at depth are expected to increase N export from hill-
slopes to surface waters (Harms & Jones, 2012; Jones et al., 2005; McClelland et al., 2007; Vonk et al., 2015),
particularly in catchments experiencing greater hillslope discharge and vertical thaw (Harms & Ludwig,
2016). Regardless of source, our results suggest warming-induced thaw at the permafrost-mineral interface
will increase the fraction of cDOM and N-rich products released to the fluvial network.

Landscape characteristics, including topography and topology, are often modeled as first-order controls on
runoff characteristics and hillslope-riparian connectivity (Jencso et al., 2010) and appear to control the
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structural diversity of DOM at our field site. However, the distribution of metabolite diversity ran contrary to
our prediction, with higher molecular diversity observed in riparian than hillslope landscape positions.
While the structural chemistry in hillslope soils was relatively homogenous, NMR region III and EEMS
regions III and V—indicative of plant-derived structures (Chen et al., 2003; Simpson et al., 2003)—were ele-
vated in organic soil horizons. The assimilation of carbohydrates and other labile plant-derived compounds
into microbial biomass (Ernakovich et al., 2017; Lynch et al., 2018) could explain the reduced DOM hetero-
geneity (Liang et al., 2017) we observed in hillslope soils, which are colonized by productive dwarf shrub and
tussock-forming sedge communities (Walker & Walker, 1996, Figure 5). Recent evidence suggests wide-
spread shrub expansion (Sturm et al., 2001) will shift rooting distributions (Iversen et al., 2015) and deposi-
tion of labile root exudates (Zhu et al., 2016) upward into surface organic horizons that are less vulnerable to
priming than energy depleted mineral soils (Fontaine et al., 2007; Wild et al., 2014). If microbial commu-
nities utilize new plant inputs with high efficiency (Lynch et al., 2018; Wickland et al., 2007), greater micro-
bial retention and lower OM conversion to CO, or CH, may increase the abundance of microbe-derived
DOM, thereby reducing chemical diversity.

Pore waters collected from riparian soils exhibited higher chemical diversity than those collected from hill-
slope soils. This downslope divergence in DOM composition could be related to diverse, sequential metabo-
lism during transport (Liang et al., 2017; Mu et al., 2017) or to the accumulation of compounds in a less
favorable, or spatially heterogeneous, redox environment. In particular, within riparian pore waters we
observed high contributions of soluble microbial-type proteins, determined by fluorescence spectroscopy,
and compounds with proton resonance in NMR region II. Detailed NMR and FT-ICR-MS studies of NMR
region II in samples collected from marine and freshwater environments revealed a high abundance of
carboxyl-rich alicyclic molecules (Hertkorn et al., 2006; Lam et al., 2007). These structures are highly oxi-
dized and enriched in polycarboxylated fused-ring moieties that resist microbial turnover and accumulate
in deep ocean DOM pools (Hertkorn et al., 2006). While our pore waters clearly contain compounds in addi-
tion to carboxyl-rich alicyclic molecules (Table S4) their presence in the terrestrial environment could link
riparian source with oceanic sink and should be verified using targeted, multidimensional NMR experi-
ments (Lam et al., 2007). We also observed a significant decrease in pore water C:N, suggesting DOM pools
acquire an increasingly microbial signature during downslope export, independent of soil horizon. Greater
DOM diversity in riparian soils could also be due to diverse microbial communities exploiting multiple redox
niches (Ernakovich & Wallenstein, 2015; Vos et al., 2013), limited denitrification at depth (Harms & Ludwig,
2016), or selective physicochemical preservation driven by DOM redox reactivity and position within the
landscape. Spatial heterogeneity of redox gradients has been linked to the activation of metabolic pathways
utilizing alternate terminal electron acceptors to degrade DOM (Boye et al., 2017; Danczak et al., 2016),
including siderophores and other chelating agents that are abundant in low-lying Arctic environments
(Lipson et al., 2012). We observed relatively high concentrations of metabolites associated with fermentation
pathways (including acetate, formate, acetyl phosphate, and methanol) in riparian soils. These metabolites
were far less abundant or absent in organic hillslope soils. The combination of variable redox gradients and
siderophore availability could contribute to OM metabolism in riparian soils. While highly processed DOM
is expected to be a poor energy substrate (Marin-Spiotta et al., 2014), there is evidence that these compounds
have high biological and photochemical lability (Abbott et al., 2014; Vonk et al., 2013) in lakes (Woods,
Simpson, Pautler, et al., 2011) and rivers (Spencer et al., 2015).

Together, our results suggest that pore water movement through low-gradient, headwater catchments could
rapidly mobilize substantial amounts of DOM across the terrestrial-aquatic interface. While the chromato-
graphic influence of surface soils and flow path connectivity will determine the persistence and movement
of terrestrial-derived OM across the landscape, the chemical composition of mobilized DOM will structure
microbial community composition and metabolism throughout terrestrial and fluvial networks. Our work
highlights the need to integrate landscape and spatial characteristics into a framework of C transport in
Arctic watersheds.
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