Global

'.) Check for updates

A G s

> SPACE SCIENCE

Biogeochemical Cycles’

RESEARCH ARTICLE
10.1029/2022GB007495

Key Points:

e Dissolved organic matter in
high-latitude Canadian lakes increases
in aromaticity northward as forests
transition to shrublands

e High-latitude lakes that are
hydrologically connected to the
landscape have lower dissolved
organic carbon (DOC) and are more
allochthonous than isolated lakes

e DOC in many northern
high-latitude lakes was influenced
by autochthonous production and
correlated weakly with absorbance

Supporting Information:

Supporting Information may be found in
the online version of this article.

Correspondence to:

M. R. Kurek,
mrk19f@fsu.edu

Citation:

Kurek, M. R., Garcia-Tigreros, F.,
Wickland, K. P., Frey, K. E., Dornblaser,
M. M., Striegl, R. G., et al. (2023).
Hydrologic and landscape controls on
dissolved organic matter composition
across western North American Arctic
lakes. Global Biogeochemical Cycles,
37,2022GB007495. https://doi.
org/10.1029/2022GB007495

Received 15 JUN 2022
Accepted 20 DEC 2022

© 2022. American Geophysical Union.
All Rights Reserved.

Hydrologic and Landscape Controls on Dissolved Organic
Matter Composition Across Western North American Arctic
Lakes

Martin R. Kurek!? (2, Fenix Garcia-Tigreros®>* (2, Kimberly P. Wickland® (*, Karen E. Frey® (2,
Mark M. Dornblaser® (2, Robert G. Striegl® ©/, Sydney F. Niles” (, Amy M. McKenna’$
Pieter J. K. Aukes®!? (), Ethan D. Kyzivat!! ), Chao Wang'?, Tamlin M. Pavelsky!?

Laurence C. Smith!! ()] Sherry L. Schiff’, David Butman3* (©’, and Robert G. M. Spencer'-?

'Department of Earth, Ocean and Atmospheric Science, Florida State University, Tallahassee, FL, USA, *National High
Magnetic Field Laboratory Geochemistry Group, Tallahassee, FL, USA, 3School of Environmental and Forest Sciences,
University of Washington, Seattle, WA, USA, “Department of Civil and Environmental Engineering, University of
Washington, Seattle, WA, USA, SUnited States Geological Survey, Water Resources Mission Area, Boulder, CO, USA,
Graduate School of Geography, Clark University, Worcester, MA, USA, "National High Magnetic Field Laboratory Ion
Cyclotron Resonance Facility, Tallahassee, FL, USA, ®Department of Soil & Crop Sciences, Colorado State University,

Fort Collins, CO, USA, Department of Earth & Environmental Studies, University of Waterloo, Waterloo, ON, Canada,
Geography & Environmental Studies, Wilfrid Laurier University, Waterloo, ON, Canada, ''Department of Earth,
Environmental & Planetary Sciences, Institute at Brown for Environment & Society, Brown University, Providence, RI, USA,
Department of Earth, Marine and Environmental Sciences, University of North Carolina, Chapel Hill, NC, USA

Abstract Northern high-latitude lakes are hotspots for cycling dissolved organic carbon (DOC) inputs from
allochthonous sources to the atmosphere. However, the spatial distribution of lake dissolved organic matter
(DOM) is largely unknown across Arctic-boreal regions with respect to the surrounding landscape. We expand
on regional studies of northern high-latitude DOM composition by integrating DOC concentrations, optical
properties, and molecular-level characterization from lakes spanning the Canadian Taiga to the Alaskan Tundra.
Lakes were sampled during the summer from July to early September to capture the growing season. DOM
became more optically processed and molecular-level aromaticity increased northward across the Canadian
Shield to the southern Arctic and from interior Alaska to the Tundra, suggesting relatively greater DOM
incorporation from allochthonous sources. Using water isotopes (8'%0-H,0), we report a weak overall trend

of increasing DOC and decreasing aromaticity in lakes that were hydrologically isolated from the landscape
and enriched in §'%0-H,0, while within-region trends were stronger and varied depending on the landscape.
Finally, DOC correlated weakly with chromophoric dissolved organic matter (CDOM) across the study sites,
suggesting that autochthonous and photobleached DOM were a major component of the DOC in these regions;
however, some of the northernmost and wetland-dominated lakes followed pan-Arctic riverine DOC-CDOM
relationships, indicating strong contributions from allochthonous inputs. As many lakes across the North
American Arctic are experiencing changes in temperature and precipitation, we expect the proportions of
allochthonous and autochthonous DOM to respond with aquatic optical browning with greater landscape
connectivity and more internally produced DOM in hydrologically isolated lakes.

Plain Language Summary As the Arctic responds to warming, permafrost thaw, and variations in
precipitation, the distribution of carbon pools within northern high-latitude lakes will also change. Specifically,
the composition of dissolved organic matter (DOM) and how it is altered and moved from the landscape to the
atmosphere will be highly dependent on local precipitation patterns and hydrology, but these relationships are
not well constrained across large regions. We sampled over 70 individual lakes during the summer spanning
various ecoregions from interior Canada to the Alaskan Tundra and characterized their dissolved organic carbon
(DOC) concentrations and DOM composition using bulk and molecular-level analysis. Overall, DOM from
these lakes was highly influenced by aquatic primary production but increased in the relative proportion of
terrestrially derived organic matter as lake setting transitioned from forests to shrublands above the tree line. We
also report a weak relationship between increasing DOC and decreasing terrestrial DOM as lakes become more
hydrologically isolated across the pan-Arctic; however, regional trends were stronger within forested sampling
areas and weaker in shrublands. With the hydrologic setting of many northern high-latitude lakes predicted to
change in the coming decades, we expect the proportions of land- and aquatic-derived DOM to respond as well.
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1. Introduction

Northern high-latitude boreal and Arctic regions, hereafter referred to as the pan-Arctic, contain large stores of
carbon in soils, permafrost, and inland waters (Kling et al., 1991; McGuire et al., 2009, 2018; Schuur et al., 2015)
that are highly responsive to ecosystem changes and act as potential sources of atmospheric greenhouse gasses
(Miner et al., 2022; Plaza et al., 2019; Tranvik et al., 2009). In recent years, the pan-Arctic has experienced some
of the highest rates of warming on Earth in addition to changing precipitation patterns, evapotranspiration, and
permafrost thaw, causing some regions to become warmer and drier on average while others have become wetter
over time (Bring et al., 2016; DeBeer et al., 2016; Kuhn & Butman, 2021). Additionally, the pan-Arctic has seen a
shifting seasonality as winters are projected to become shorter with reduced snowfall and the onset of the summer
growing season will occur earlier over time (Bintanja & Andry, 2017; Bring et al., 2016). Ongoing warming
and changing precipitation patterns will continue to alter the pan-Arctic landscape resulting in rapid permafrost
thaw (Miner et al., 2022; Schuur et al., 2015; Walter Anthony et al., 2018), northward expansion of shrubs and
vegetation (Berner & Goetz, 2022; Liljedahl et al., 2020), and changes in water body morphology and distribu-
tion (Jones et al., 2011; Smith et al., 2005; Wickland et al., 2020). Indeed, pan-Arctic regions contain the highest
abundance of freshwater lakes and the greatest relative areal lake extent in the world (Verpoorter et al., 2014),
making these regions highly vulnerable to changes in climate. Lakes store, modify, and export large amounts of
carbon from the landscape (Cole et al., 2007; Drake et al., 2018) and their role as a source or sink of atmospheric
carbon varies with region making the pan-Arctic an important component in the global flux of mineralized
aquatic carbon to CO, (Bogard et al., 2019; Hastie et al., 2018; Tranvik et al., 2009).

In addition to mineral carbon, aquatic carbon consists of organic forms, including dissolved organic carbon
(DOC), which is an important regulator for CO, transfer to the atmosphere (Battin et al., 2009; Drake et al., 2018;
Sobek et al., 2005; Tranvik et al., 2009) and will likely become increasingly important as the balance among
stored carbon, primary production, and respiration is altered by climate change (Dornblaser & Striegl, 2015;
Klingetal., 1991; Larsen et al., 2011; Vonk et al., 2015). Aquatic DOC, the commonly quantified part of dissolved
organic matter (DOM) includes a diverse mixture of organic molecules from various terrestrial (allochthonous)
and aquatic (autochthonous) sources, and functions as a crucial intermediary in the modern carbon cycle (Battin
et al., 2009; Perdue & Ritchie, 2014). DOM from both allochthonous and autochthonous sources have unique
chemical features that reveal information regarding its primary sourcing, transport, and processing history, all of
which are useful indicators for how DOM compounds will function in aquatic environments on short time scales
(Catalén et al., 2021; Hansen et al., 2016). For instance, bioavailable DOM is commonly sourced from fresh
vegetation, aquatic producers, or recently thawed permafrost, and is responsible for aquatic energy transfer by
serving as a carbon source for heterotrophs, ultimately being respired as CO, (Guillemette et al., 2013; Spencer
et al., 2015; Vonk et al., 2015). In contrast, DOM from soils or vegetation that has undergone extensive bioge-
ochemical processing during transport or due to optical exposure from long residence times is more resistant to
biological degradation (Wickland et al., 2007) and tends to persist in aquatic systems (Kellerman et al., 2015;
Koehler et al., 2012). Allochthonous DOM is highly aromatic and can attenuate light through the water column in
lakes, thereby negatively impacting primary productivity and suppressing CO, fixation through a process known
as browning (del Giorgio & Peters, 1994; Solomon et al., 2015).

Since the composition of aquatic DOM is often a mixture of both biolabile and stable compounds assimilated
from many sources in varying proportions, high resolution techniques are needed in parallel with bulk measure-
ments, such as absorbance and fluorescence spectroscopy, to delineate their different chemical features. Fourier
transform-ion cyclotron resonance mass spectrometry (FT-ICR MS) has been used to resolve small differences
between thousands of individual molecular formulae in various aquatic samples, providing molecular-level
details of DOM composition (e.g., Kellerman et al., 2018). For instance, FT-ICR MS analysis has been useful in
describing the proportion of different DOM sources across lakes (Johnston et al., 2020; Kellerman et al., 2015),
identifying groups of molecular formulae that exhibit bio- and photo-lability (Kellerman et al., 2014; Mostovaya
et al., 2017; Stubbins et al., 2010), and quantitatively related to their bulk molecular composition (Kellerman
et al., 2018; Kurek et al., 2020; Poulin et al., 2017). As anthropogenic climate change has altered the mechanisms
and rates of carbon transfer from aquatic DOM to atmospheric CO,, ultra-high-resolution techniques will become
increasingly valuable for identifying the movement and transformation of sensitive carbon pools.

Changes in temperature and precipitation across the Arctic will also affect lake morphology and shoreline extent
as some lakes will become more connected to the landscape and surface runoff, while others will become more
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isolated and dependent on subsurface permafrost thaw or even disappear entirely (Ala-aho et al., 2018; Anderson
et al., 2013; MacDonald, Turner, et al., 2021; Walvoord et al., 2012). Several studies have also investigated the
role of precipitation and local hydrology in regulating aquatic DOC concentration and DOM composition across
northern high-latitude freshwaters, including interior Alaskan lakes (Johnston et al., 2020; Kurek et al., 2022),
Canadian boreal lakes (Pugh et al., 2021), and Greenland lake outflows (Kellerman et al., 2020). Their find-
ings suggest that aquatic DOM sourcing and processing vary seasonally throughout the ice-free period and that
the local hydrologic setting is a primary control for the input of allochthonous DOM into these lakes. Typi-
cally, lakes that are more hydrologically connected to surface flow paths have lower DOC concentrations than
isolated lakes, but relatively greater proportions of aromatic DOM. Additionally, thawing permafrost increases
vertical connectivity of subsurface carbon pools to surface waters, resulting in greater inputs of rapidly consumed
biolabile DOM, soil-derived aromatic compounds, and greenhouse gases (MacDonald, Tank, et al., 2021; Textor
et al., 2019; Wickland et al., 2020).

Despite this growing body of work, relationships between hydrology, DOC concentration, and lake DOM compo-
sition across the pan-Arctic spanning multiple physiographic regions are currently not well understood. Previous
studies were confined to individual sampling regions representing relatively homogenous landcover, climate, and
permafrost extent across hydrologic and precipitation gradients, with different responses that varied by sampling
region. To illustrate, several studies of northern high-latitude lakes from boreal regions in Scandinavia and Canada
have reported the dominance of allochthonous DOC in these lakes and have predicted increases in external loading
with projected warming (Kothawala et al., 2014; Lapierre et al., 2013; Larsen et al., 2011). In contrast, studies of
Arctic lakes from northern high-latitude arid regions suggest that their DOM composition is mostly derived from
autochthonous sources and that little allochthonous DOM is respired (Bogard et al., 2019; Johnston et al., 2019;
Tank et al., 2009). Furthermore, as landcover spanning multiple regions has been increasingly recognized as an
important factor in explaining northern high-latitude organic carbon dynamics (Stolpmann et al., 2021) it is also
likely to influence differences in lake DOM composition. However, upscaling to the inter-regional level has been
limited in its capacity to describe organic carbon cycling as many of these studies have only focused on lake sedi-
ments (e.g., Bell et al., 2020), or bulk DOC (e.g., Stackpoole et al., 2017; Stolpmann et al., 2021).

To address the uncertainties in DOM cycling at larger spatial scales and across hydrologic gradients, we build
upon previous work by investigating lake DOC and DOM properties from the Canadian interior to the northern
Alaskan coast using optical parameters, fluorescence spectroscopy, and molecular-level FT-ICR MS analysis. The
objectives of this study were to describe DOC concentrations and DOM composition of northern high-latitude
lakes at individual catchments and between larger physiographic regions and to assess spatial gradients of bulk-
and molecular-level DOM properties across this region as related to landscape coverage and hydrology. Addi-
tionally, we investigated the relationships between hydrologic connectivity (as inferred by water isotopes), DOC
concentration, and DOM composition across the pan-Arctic scale and compared them to previous intra-regional
findings. Using these relationships, we sought to determine the most likely sources of DOM in these lakes and
consider how the partitioning of lake DOM between allochthonous and autochthonous sources will respond to
ongoing changes in hydrological patterns across northern high latitudes. This is one of the first studies to inte-
grate DOC, bulk optical/fluorescent parameters, ultra-high resolution molecular composition, and hydrological
tracers from lakes across multiple biomes in the North American Boreal-Arctic (~2,500 km). Our results high-
light the importance of landscape and hydrology in dictating DOM composition between different regions and
how the role of aquatic DOM may respond to changes in the pan-Arctic with respect to global carbon cycling.

2. Methods
2.1. Study Sites and Field Sampling

We collected water samples from lakes in the summer (July-September) within six different regions including
the Peace-Athabasca Delta (PAD), Yellowknife, Wekweeti, Daring, Yukon Flats, and the North Slope (Figure 1;
for detailed study site descriptions see Text S1 in Supporting Information S1). Samples (n = 90) covered the
Western North American Arctic (WNAA) spanning a gradient from interior Canada to the northern Alaskan
coast and were part of both the NASA Arctic Boreal Vulnerability Experiment domain (ABoVE; e.g., Loboda
et al., 2017) and the NSF-funded Circumarctic Lakes Observation Network (CALON; e.g., Kurek et al., 2022).
We also classified lakes using level II ecoregions as defined by Omernik (1995). Sampled lakes spanned five
ecoregions including the Taiga Plains, Taiga Shield, Southern Arctic, Boreal Interior, Brooks Range Tundra, and
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Figure 1. A map of the study sites across the Western North American Arctic (WNAA) with each sampling region colored
and level II ecoregions outlined in black and labeled with text. Lakes from Johnston et al. (2020) in the Yukon Flats are also
included for context (purple points). The base map is colored according to geographic relief with low relief denoted by green
and high relief in tan.

Alaska Tundra (Figure 1). These ecoregions across our study sites are nearly identical to the ecozones developed
by the Canadian National Ecological Framework, which are used in several past OM-centric studies (e.g., Aukes
& Schiff, 2021; Bell et al., 2020). The advantage of using ecoregions to investigate lake DOM composition is
that the classification scheme covers all of North America and incorporates regions based on multiple biotic and
abiotic factors such as soils, landforms, geology, climate, vegetation, and hydrology (Omernik, 1995).

Surface water for DOC and DOM analysis was sampled from an open water area of each lake and filtered in
the field through 0.45 pm capsule filters, or in some cases precombusted (450°C, >4 hr) Whatman GF/F filters
(0.7 pm), into acid-rinsed high-density polyethylene (HDPE) bottles. Filtered samples were stored in a dark, cool
(4°C) place during transport and then frozen (—20°C) until analysis. Water for isotopic analysis (5'80, §°H) was
collected in 12 mL borosilicate vials that were filled to capacity, free of air, and stored in a dark, cool place prior
to analysis. Water quality variables including Chlorophyll-a, specific conductivity (SpC) and pH were measured
using YSI sensors in the field. Chlorophyll-a concentration was also measured using a Turner Designs Trilogy
Fluorometer on samples from the North Slope as described previously (Kurek et al., 2022).

2.2. Oxygen and Hydrogen Water Isotopes

Stable isotopic compositions of hydrogen (8°H) and oxygen (8'0) in water were analyzed for a subset of lake
samples in each major lake region except for the North Slope (Table S1). Water isotopes (8'30 and 8*H) were
measured at the University of Washington IsoLab laboratory and the Environmental Isotope Laboratory at the
university of Waterloo using a Picarro Inc. L2130i liquid water cavity ring-down spectroscopy instrument, and
following the methods as described in Schauer et al., 2016. We use the standard delta notation for §'80 and 8°H:

5sample = (Rsample/ RVSMOW) -1
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where R
Water.

and Ryq\ow are the isotopic ratios of #0/'%0 and 2H/'H. VSMOW is Vienna Standard Mean Ocean

sample

2.3. DOC Concentrations and Optical Analysis

Filtered water samples were acidified with HCI and analyzed for dissolved organic carbon (DOC) concentra-
tion on a Shimadzu TOC-L CPH high temperature catalytic oxidation total organic carbon analyzer (Shimadzu
Corp., Kyoto, Japan). Samples were sparged with air to remove dissolved inorganic carbon and quantified using
a 5-point calibration curve as described previously (e.g., Kurek et al., 2020).

Absorbance spectra were measured in a 1 cm cuvette using a Horiba Scientific Aqualog (Horiba Ltd., Kyoto,
Japan) at room temperature from wavelengths of 230-800 nm. Spectral slopes were calculated at 275-295
(8575.295) and 350400 nm (S}5,_4,). and the spectral slope ratio (Sp) was calculated by dividing S5 595 by S;50.400
(Helms et al., 2008). Chromophoric dissolved organic matter (CDOM) was determined as the Napierian absorp-
tion coefficient at 350 nm (a,5,; m™"). Specific UV absorbance at 254 nm (SUVA,,; L mg C~! m~!) was calcu-
lated by dividing the decadic absorption coefficient at 254 nm by the DOC concentration in mg L~! (Weishaar
et al., 2003). The ratio of absorbance at 250 and 365 nm (a,s:a,,;) Was also determined from CDOM spectra
(Peuravuori & Pihlaja, 1997).

2.4. Fluorescence Spectroscopy

Excitation-Emission matrices (EEMs) were measured in a 1 cm cuvette using a Horiba Scientific Aqualog
(Horiba Ltd., Kyoto, Japan) at room temperature. EEMs were collected at excitation wavelengths of 250-500 nm
and emission wavelengths of 300-600 nm with 5 and 2 nm intervals, respectively, at integration times between
0.5 and 5 s. The EEMs were corrected for lamp intensity (Cory et al., 2010), inner filter effects (Kothawala
et al., 2013), and normalized to Raman units (RU; Stedmon et al., 2003).

FDOM (RU) was determined as the sum of all fluorescent peak intensity maxima (nm), including peak A (Ex:
250, Em: 450), C (Ex: 350, Em: 450), M (Ex: 320, Em: 411), T (Ex: 290, Em: 349), and B (Ex: 270, Em: 304,
Coble, 2007; Fellman et al., 2010). The relative proportion (%) of each fluorescent peak was reported as the
intensity of each peak normalized to the sum of all peaks. The fluorescence index (FI) was calculated from the
emission intensity at 470 and 520 nm at excitation 370 nm (Cory & McKnight, 2005; McKnight et al., 2001).

2.5. Solid Phase Extraction (SPE) and FT-ICR MS

Filtered water samples were acidified (pH 2) and solid phase extracted using Bond-Elut PPL columns (Agilent
Technologies Inc., Santa Clara, CA) consistent with published procedures (Dittmar et al., 2008). PPL columns
were soaked with methanol (>4 hr), followed by a methanol rinse, and finally rinsed with Milli-Q water at pH
2 twice. 50 pg C from each sample was isolated onto 100 mg 3 mL bed volume PPL columns, eluted with 1 mL.
methanol into precombusted (550°C, >4 hr) glass vials, and stored at —20°C until analysis. DOC recovery on
PPL columns was measured on a subset of lakes through replicate extractions (n = 2). Methanol extracts were
collected in 40 mL glass vials and the methanol was evaporated by gently drying (50°C, overnight). The organic
residue was redissolved in Milli-Q water (pH 2) and shaken for several hours. DOC concentrations of the extracts
were measured using methods described in Section 2.3 and reported relative to the bulk DOC of each water
sample.

Methanolic extracts were analyzed on a custom-built hybrid linear ion trap 9.4-T FT-ICR MS (Oxford Corp.,
Oxney Mead, UK) with a 22 cm diameter bore at the National High Magnetic Field Laboratory (Tallahassee, FL.)
(Blakney et al., 2011; Kaiser et al., 2011). Negatively charged ions from DOM were produced via electrospray
ionization (ESI) at a flow rate of 500 nL min~!. Typical conditions for negative ion formation were emitter volt-
age, —2.4-3.0 kV; tube lens, —250 V; and heated metal capillary current, 7.2 A. Time-domain transients of 7.8 s
were acquired with the Predator data station, with 100 time-domain acquisitions coadded for all experiments with
an achieved resolving power of 1,600,000 at m/z 400. Peaks were internally calibrated based on several highly
abundant O-containing series using a “walking calibration” (Savory et al., 2011) as described previously (e.g.,
Kurek et al., 2020, 2022). Reproducibility with respect to the FT-ICR MS parameters from this instrument was
assessed by Zherebker et al. (2020) and was comparable to instruments from other laboratories.
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Table 1
Mean Specific Conductivity (SpC), pH, Water 6'30, and Water 6°H for Each Major Lake Region + 10 Standard Deviation

Site SpC (uS cm ') pH 8'%0 (%o) 82H (%o)

PAD 2359 +£125.5 8.6+1.0 —-113+43 —115.9 + 18.8
Yellowknife 99.5+453 73+0.6 -13.1+1.6 =252 7.7
Wekweeti 290+ 7.1 72+0.6 -16.8+1.3 —145.0 + 6.6
Daring 142+ 1.2 6.6 +0.5 —-174+14 —1450+ 6.4
Canvasback Lake 892.6 + 38.6 9.1+03 —9.5 —104.6
North Slope 157.1 + 81.8 7.3+£09 - -

Note. Only one sample from Canvasback and none from the North Slope were analyzed for water isotopes.

Mass spectral peaks >66 RMS baseline noise were exported to a peak list and processed using PetroOrg ©
(Corilo, 2014). Molecular formulae were assigned to ions constrained by C, ,sH, 4,0, ,sN,,S,, and the mass
measurement accuracy did not exceed 200 ppb error (e.g., Johnston et al., 2020). Molecular properties for each
formula, including the modified aromaticity index (Al ,) and average carbon oxidation state (Cy), were calcu-
lated according to Koch and Dittmar (2006, 2016) and Mann et al. (2015), respectively. Stoichiometric ratios
were calculated (H/C, O/C, N/C, S/C) as the sum of all heteroatoms divided by the sum of all carbon atoms
and number-averaged across samples. Formulae were also grouped based on the percent relative abundance of
their heteroatomic compositions as CHO, CHON, CHOS, and CHONS. Molecular formulae were grouped into
compound classes from Santl-Temkiv et al. (2013) including condensed aromatics (CA; 0.67 < AL ), polypheno-
lics (PPh; 0.50 < Al , < 0.67), highly-unsaturated and phenolic low O/C (HUP, Al 4 < 0.50, H/C < 1.5,
O/C < 0.5), highly-unsaturated and phenolic high O/C (HUPy,y, o,c; Al,,q < 0.50, H/C < 1.5, 0.5 < O/C), and
aliphatic (Ali; 1.5 < H/C), and their percent relative abundance of each class was summed. All FT-ICR MS
absorption mode files are publicly available via the Open Science Framework (https://osf.io/ct3eu/) through
https://doi.org/10.17605/0SF.I0/CT3EU.

2.6. Statistical Analysis

Data analysis and visualization was performed in R (R Core Team, 2020) using the ggplot2 package
(Wickham, 2016). Linear regression analysis was also completed using base R and hypothesis testing was
assessed at the @ = 0.05 significance level. A Principal Component Analysis (PCA) of the lakes according to
their DOM properties was performed using the factoextra package in R (Kassambara & Mundt, 2017).

3. Results
3.1. Water Quality and Water Isotopes

Lakes varied in mean geochemical properties by major sampling region (Table 1). SpC was the highest at Canvas-
back Lake (892.6 + 38.6 pS cm™!) and lowest at lakes from the Daring (14.2 + 1.2) and Wekweeti (29.0 + 7.1)
regions. pH was also greatest at Canvasback (9.1 + 0.3) and the PAD (8.6 + 1.0) and lowest at Daring (6.6 + 0.5)
with most other lakes at circumneutral. Chlorophyll-a was highest in lakes from the PAD (13.8 + 17.5 pg L)
and lowest in lakes from the North Slope (2.1 + 1.5 pg L~!; Table S1). All lakes were enriched in heavy water
isotopes relative to the global meteoric water (Figure S2 in Supporting Information S1) and spanned a range of
values similar to lakes from the Yukon Flats (Table 1; Anderson et al., 2013; Johnston et al., 2020) and Greenland
(Kellerman et al., 2020). Heavy water isotopes became more depleted in lakes moving north across the Canadian
Shield, as expected due to fractionation from the continental effect, with the greatest variability in lakes from
the PAD region. Water from Canvasback Lake was also enriched in heavy isotopes, similar to values measured
previously (Johnston et al., 2020).

3.2. DOC Concentrations and DOM Optical Properties

DOC concentrations ranged from 2 to 80 mg L~! across the lake regions with most below 20 mg L~! (Figure 2a;
Table S1). Lakes from the PAD, Yellowknife, and Canvasback Lakes had higher DOC than lakes from Daring,
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Figure 2. Boxplots of (a) dissolved organic carbon (DOC) and dissolved organic matter (DOM) optical properties from
arctic lakes overlain with points ordered by latitude colored by major lake region. DOM properties include (b) chromophoric
dissolved organic matter absorbance (as5), (¢) SUVA,5,, (d) 575595, (€) Sg, and () a,5p:a,4.

Wekwegeti, and the North Slope (Figure 2a). The absorbance of CDOM at 350 nm (a,,) was highest in lakes
from Yellowknife and Wekweeti, and lowest in lakes from Daring and the North Slope (Figure 2b). However,
SUVA,,, values in most lakes were higher than 2.0 (Table S1) and greatest in lakes from Wekweeti, Daring,
and Canvasback Lake (Figure 2c), suggesting that a greater proportion of the DOC in these lakes is aromatic
(Weishaar et al., 2003). Spectral properties, including S,,5 595, S, and a,sy:a,¢s, followed similar trends and on
average decreased in lakes from PAD to Daring and from Canvasback Lake to the coastal lakes in the North
Slope region (Figures 2d-2f), suggesting that molecular size and aromaticity increased with latitude (Helms
et al., 2008; Peuravuori & Pihlaja, 1997).

Most lakes regions, excluding Daring and the North Slope, had DOC concentrations comparable to those meas-
ured from the Yukon Flats (10-40 mg C L~!; Johnston et al., 2020), the Mackenzie Delta (5-16 mg C L~!; Tank
etal., 2011), and across boreal forests (median = 15.3 mg C L~!; Stolpmann et al., 2021), but concentrations were
typically higher than many northern high-latitude and thawing permafrost-fed fluvial sites (0.7-27 mg C L',
Wologo et al., 2021; Johnston et al., 2021). SUVA,, was also comparable to other lakes from the Yukon Flats
(0.9—4.4 L mg C~! m~!; Johnston et al., 2020), Mackenzie Delta (2—4 L mg C~! m~!; Tank et al., 2011), and
Alaskan rivers (2.0-4.5 L mg C~! m~!; Spencer et al., 2008; Johnston et al., 2021); however, CDOM absorbance
was greater than in Alaskan rivers (mean = 16.3 m~!; Johnston et al., 2021). Finally, spectral slope properties
(S,75.095) Were in ranges similar to lakes from the Yukon Flats (0.015-0.035 nm~!; Johnston et al., 2020), but spec-
tral slopes were generally steeper than other northern high-latitude streams (0.012-0.018 nm~!; Frey et al., 2016;
Johnston et al., 2021) and major Arctic rivers (0.012-0.021 nm~!; Mann et al., 2016).

3.3. Fluorescent DOM Properties

Fluorescent DOM intensity (FDOM) was highest in lakes from the PAD, Yellowknife, and Canvasback Lake and
lowest in lakes from the North Slope (Figure 3a; Table S1). In contrast, the fluorescence index (FI) was highest
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Figure 3. Boxplots of dissolved organic matter (DOM) fluorescence properties from arctic lakes overlain with points ordered
by latitude colored by major lake region. DOM properties include (a) FDOM, (b) FI, (c) peak A (%), (d) peak C (%), (e) peak
M (%) and (f) peaks B and T (%).

in lakes from the PAD, Canvasback, and the North Slope, ranging from 1.55 to 1.65 on average, while most lakes
from Yellowknife, Wekweeti and Daring had values between 1.40 and 1.55 (Figure 3b), suggesting that they
contained fewer components of fresh and autochthonous DOM (McKnight et al., 2001). Lakes generally had the
highest relative fluorescent DOM contributions from peak A fluorophores, followed by peak C and peak M, and
the lowest from protein-like peak B and T fluorophores (Figures 3¢c—3f). Lakes from the PAD and the North Slope
had greater proportions of peak B and T fluorophores and a lower percentage of peak A fluorophores than lakes
from Yellowknife, Wekweeti, Daring, and Canvasback (Figures 3c and 3f; Table S1).

Lake FI values across the major lake regions were similar in ranges to thawing permafrost-fed streams across
the Alaska and Canada boreal region (1.50-1.70; Wologo et al., 2021), but higher than in rivers in the Yukon
Basin measured during the late summer (1.39-1.43; Wickland et al., 2012), as well as from several oligotrophic
lakes from the foothills of the Brook's range in interior Alaska (1.35-1.42; Cory et al., 2007). The contribution of
protein-like fluorophores to FDOM from most lakes in this study was similar to lakes from the Mackenzie Delta
in the summer (15%-30%; Tank et al., 2011) but greater than in streams and rivers in the Yukon Basin during
summer (2.0-4.9; O'Donnell et al., 2010; Wickland et al., 2012).

3.4. DOC Recovery and FT-ICR MS Composition

DOC recoveries from SPE were measured on three lakes whose DOM composition bracketed the majority of the
lakes in this study (PAD 3, NW30, Lake 10; Table S1). On average, DOC recovery was 56.5 + 2.1% for the three
lakes (PAD 3: 52.0 + 3.4%, NW30: 55.4 + 0.1%, Lake 10: 62.1 + 0.5%), and was highly comparable to recoveries
for extracted marine DOM (43%—62%; Dittmar et al., 2008). These recoveries suggest that the majority of DOC
was retained in the PPL columns and could potentially be represented in the FT-ICR MS data. We note that SPE
only isolates a subset of the bulk DOM pool and FT-ICR MS via negative electrospray preferentially ionizes
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Figure 4. Boxplots of dissolved organic matter (DOM) FT-ICR MS properties from arctic lakes overlain with points ordered
by latitude colored by major lake region. DOM properties include (a) Molecular weight (Mass), (b) H/C, (c) AL, (d)
CHO-containing formulae, (¢) CHON-containing formulae, and (f) CHOS-containing formulae. Percentages in panels d—f
represent the percent relative abundance of molecular formulae.

aromatic carboxylic acids, thereby representing only a subset of the total DOM. However, this fraction has been
shown to scale quantitatively with aromaticity, carbon age, and heteroatom content (e.g., Kellerman et al., 2018;
Kurek et al., 2020; Poulin et al., 2017) and is directly comparable to other molecular-level studies of Arctic DOM
(e.g., Johnston et al., 2020; MacDonald, Turner, et al., 2021; MacDonald, Tank, et al., 2021; Wologo et al., 2021).

The average mass, in terms of molecular weight from FT-ICR MS spectra, was mostly in the range of 480-540 Da
across the major lake regions (Figure 4a; Table S1). Average H/C ratios ranged from 1.1 to 1.2 and were slightly
higher in lakes from the North Slope (Figure 4b), while average Al , was generally lower in North Slope lakes
than lakes from Wekweeti and Daring (Figure 4c), suggesting that molecular formulae in the North Slope were
more aliphatic and less aromatic (Koch & Dittmar, 2006, 2016). CHO-containing formulae were the most abun-
dant of all molecular formulae and were highest in lakes from Yellowknife, Wekweeti, and Daring represent-
ing 80%-95% of the total relative abundance (Figure 4d). The percent relative abundance of CHON-containing
formulae was highest in lakes from the North Slope and Canvasback Lake (15%—25%), and the percent relative
abundance in CHOS-containing formulae was highest in lakes from the PAD, Canvasback Lake, and the North
Slope (5%—7%) (Figures 4e and 4f). CHONS-containing formulae represented the lowest percent relative abun-
dance of all formulae, accounting for less than 0.5% of most lake samples (Table S1).

Molecular formulae were also characterized according to compound classes based on the relative abundance of
stoichiometric ratios (e.g., Santl-Temkiv et al., 2013). HUP,,;, o,c formulae had the highest relative abundance of
all compound classes across the major lake regions (50%-70%), followed by HUP,_ ., formulae (10%-40%),
condensed aromatics and polyphenolics (5%—15%), and aliphatics (5%—10%; Figure 5). The relative abundance
of compound classes also varied regionally. For instance, the relative abundance of aliphatic formulae was higher
in lakes from the North Slope than the other lake regions (Figure 5a). HUP,_, - formulae were lower in lakes
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from the North Slope, PAD, and Canvasback Lake, while HUP,;,,, o, were higher than the other lake regions
(Figures 5b and 5c).

The molecular composition of these lakes was similar to that of lakes from the Yukon Flats in terms of aromaticity
(CA:<1-3%; PPh:2%—-10%) and heteroatom content (CHON: 8%—16%; Johnston et al., 2020). However, DOM
from lakes in this study had a higher relative abundance of aliphatics (1%—4%) and lower relative abundance
of polyphenolics (5%-31%) and condensed aromatics (1%—22%) than DOM from Greenland lakes (Kellerman
et al., 2020). Compared to water-extracted permafrost DOM from the western Canadian Arctic, lake DOM had
higher proportions of HUPhigh oc (mean = 41%) and HUP, - (mean = 14%) formulae and lower relative abun-
dances of aliphatics (mean = 21%) and combined condensed aromatics with polyphenolic (mean = 24%) formulae
(MacDonald, Tank, et al., 2021). In contrast, aliphatic (mean = 7%) and condensed aromatics with polyphenolic
(mean = 6%) formulae were comparable to thawing permafrost-fed streams from Alaska and Canada, but lake
DOM had much higher relative abundances of HUPhigh oc (mean = 22%) and lower abundances of HUP,, ¢
(mean = 65%) formulae than the streams (Wologo et al., 2021).

3.5. Relationships Between DOM Properties and Regional Hydrology

To assess the relationships between lake DOM composition and evaporative state, DOC and DOM properties
of individual lakes were examined against their water isotopes and adjusted for fractionation due to latitudinal
effects (Figure 6). Adjustments were made by subtracting meteoric 8'®0 values at each of the major lake regions
(TIAEA/WMO, 2021; Terzer et al., 2013) from the measured §'%0 values of individual lakes and reported as
8! 8Osample_8 : Soprecipilaion
cally connected to local meteoric water sources, whereas more positive values suggest weaker hydrologic connec-
tivity and greater evaporation. Linear regressions between lake DOM properties and adjusted water isotope values
were modeled for the lakes and each lake region individually (Table 2). Regressions for the North Slope samples
were not included due to unavailable data; however, we included lakes from the Yukon Flats collected in summer
obtained from Johnston et al. (2020).

” and hereafter referred to as “A'30.” Adjusted values closer to zero are more hydrologi-

DOM properties were selected based on the strongest correlations reported for the Yukon Flats lakes in Johnston
et al. (2020). DOC concentrations and spectral slopes (S,;5.,95) increased linearly across the lakes with water
isotopes, but correlations with S,,; ,os were only significant in the Yukon Flats, PAD, and Yellowknife, while
correlations with DOC were only significant in the Yukon Flats and the PAD (Figures 6a and 6c¢; Table 2). In
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contrast, SUVA,,, and the combined relative abundance of condensed aromatics and polyphenolics decreased
linearly across all lakes, but correlations with SUVA,, were only significant in the Yukon Flats, PAD, and
Yellowknife, whereas correlations with polyphenolics and condensed aromatics were only significant in the
Yukon Flats and the PAD (Figures 6b and 6d; Table 2). Correlations of DOM properties with water isotopes in the
Wekweketi region followed the trends of all the combined lakes, but the correlations were not significant, whereas
DOM properties from lakes in the Daring region did not correlate with water isotopes (Table 2).

4. Discussion
4.1. Lake DOM Composition Varies in Aromaticity and Freshness Across the Arctic

Our results complement a growing number of lake-centered organic carbon studies across the pan-Arctic (e.g.,
Johnston et al., 2020; Larsen et al., 2011; Stolpmann et al., 2021) and further extend our knowledge of DOM
cycling by including detailed molecular composition via FT-ICR MS from all sampling locations. Individual
lakes varied in DOM composition within each region, but there were two broad spatial patterns among the
different regions. First, from the PAD to Daring, the lakes became more depleted in §'30 and DOM was more
aromatic, greater in molecular weight, lower in heteroatom content, and lower in protein-like fluorescence

Table 2
Linear Regression Coefficients (r?) of Dissolved Organic Matter Properties With 580
Samples in Each Major Lake Region

_5180

sample precipitaion (

A'80) From all

Site DOC SUVA,,,

S275-295

CA + PPh (%)

All (n =73)

Yukon Flats 2015-2017 (n = 17)
PAD (n = 20)

Yellowknife (n = 20)

Wekweeti (n = 5)

Daring (n = 10)

0.27*
0.30*
0.54%*
<0.1
0.56
<0.1

0.25%
0.28*
0.59*
0.49*
0.43
<0.1

0.27*
0.50*
0.59*
0.42%

0.73
<0.1

0.28*
0.50*
0.76*
0.12
0.53
<0.1

Note. Asterisks (*) indicate significance at the a = 0.05 level.
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(Table 1; Figures 2—4). Second, lakes from the Alaska interior to the tundra decreased in DOC concentration and
aromaticity and increased in heteroatom content as well as molecular aliphaticity (Figure 2; Figures 4 and 5).
Although Canvasback Lake only represents one site within the Yukon Flats, the DOC concentration and DOM
composition of this lake are highly representative of past measurements across other lakes in the Yukon Flats area
spanning over 100 km (Johnston et al., 2020). However, within the tundra lakes region there were no consistent
spatial trends with lakes except for higher heteroatom content and shallower spectral slope parameters in lakes
closer to the coast of the Beaufort Sea (Figures 2d—2f and 4d—4f; Kurek et al., 2022). There were also no clear
temporal trends within the tundra lakes during the summer sampling.

A PCA was conducted on the different lakes using DOC concentration and DOM properties to identify trends
in DOM composition between the different regions (Figure 7, Table S2 in Supporting Information S1). 59.4%
of the variance was explained using two components (PC1, PC2), with additional 12.6% explained with a third
component (PC3; Figure S3 in Supporting Information S1). PC1 (41.2%) was strongly influenced by %C, %A,
%B, SUVA,s,, a;5,, H/C, and Al ,, whereas PC2 (18.2%) was driven by FI, %CHO, %CHOS, %CHON, and the
number of assigned molecular formulae (Table S2 in Supporting Information S1). Thus, PC1 describes overall

'mod”

DOM aromaticity, where more negative values of PC1 suggest relatively greater allochthonous DOM compo-
sition and positive values suggest less. This is largely based on the inverse relationship of PC1 with variables
describing molecular aromaticity (e.g., SUVA,,, Al ., %C), where more aromatic DOM likely originates from
allochthonous sources (Hansen et al., 2016; Mostovaya et al., 2017). But unlike in the Yukon Flats, positive
values of PC1 do not necessarily indicate a greater proportion of autochthonous DOM (Johnston et al., 2020)
as many of the Tundra lakes have low productivity (Kurek et al., 2022). Next, PC2 describes DOM “freshness”
and degradation extent, where positive PC2 values indicate DOM that has been degraded and negative values
represent DOM that has more recently been incorporated into the waterbody. Fresh DOM typically has a higher
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FI, is enriched in heteroatom-containing formulae, with a greater number-based diversity of molecular formulae
that are homogenized through processing (Hansen et al., 2016; Kellerman et al., 2015; Mentges et al., 2017).

PCA revealed that the main differences between the DOM composition in northern high-latitude lakes were
related to DOM sourcing and processing. Lakes from Daring, Wekweeti, and many from Yellowknife were
mostly composed of allochthonous DOM (Figure 7), whereas DOM from the other regions was composition-
ally less allochthonous. This is also supported by the various molecular compound classes; lakes from Daring
and Wekweeti had greater proportions of condensed aromatics and polyphenolics with fewer aliphatics than
lakes from the PAD or Alaska (Figure 5d). Additionally, many of these properties describing PC1 (e.g., steeper
spectral slopes and higher H/C ratios) may also be indicative of photobleached allochthonous DOM (Helms
et al., 2008; Stubbins et al., 2010), suggesting that water residence times also vary across these lakes and may
influence the composition of allochthonously sourced DOM. This is also supported by the range in A0 between
the sites as more depleted values, such as in Daring and Wekweeti, suggest shorter water residence times than
enriched values, such as in the PAD or Yellowknife (Table 1). To a lesser degree, DOM from these lakes also
varied in freshness. DOM from lakes in the North Slope region and in Canvasback Lake was less degraded than
from Yellowknife, Wekweeti, and Daring, while lakes from the PAD were distributed along PC2 (Figure 7).
Furthermore, lakes from Yellowknife, Wekweeti, and Daring had lower average proportions of aliphatic and
HUP,;, o/c formulae than the other regions. Aliphatic and oxygenated aromatic formulae, similar in composition
to HUP,,., o/c» are likely indicators of DOM freshness as both have been correlated with higher decay rates in
other boreal lakes (Mostovaya et al., 2017).

4.2. Arctic Lake DOM Composition at the Ecoregion Level

Upscaling lake DOM properties from discrete sampling sites to larger regions has been useful in delineating
ecosystem processes (e.g., Aukes & Schiff, 2021; Bogard et al., 2019). For instance, Bell et al. (2020) classified
the organic matter composition from Canadian lake sediments using several regional groupings and found that
geological and ecological parameters were the most suitable for describing the composition while permafrost
extent was the least effective, possibly due to the broad spatial resolution of the permafrost groups. In this study,
analysis of lake DOM composition with permafrost extent and active layer thickness at finer resolutions (~1 km)
only revealed compositional differences between Tundra lakes underlain by continuous (100%) coverage and
the other sites; however, this was mostly along PC1 and overlapped with lakes underlain by sporadic coverage
(10%-50%) (Figure S4a; Text S2 in Supporting Information S1). Similarly, Tundra lakes with shallow active
layers (0-0.5 m) grouped separately from lakes with deeper active layers (0.5-1.5 m) but overlapped with PAD
lakes that had no permafrost influence (Figure S4b in Supporting Information S1), possibly related to soil type or
organic content. This suggests that permafrost extent does not sufficiently explain the variance in the lake DOM
composition from this study, potentially since these lakes were sampled during late summer when the biola-
bile DOM signatures leached from the active layer during early summer have already been processed (Spencer
et al., 2015; Vonk et al., 2015). However, ecoregion classifications have been significantly correlated with lake
DOC concentration across the pan-Arctic (Stolpmann et al., 2021) and provide complementary information to the
groupings of lake DOM in this study (Figure 7c).

The most apparent compositional differences were among lakes in the Alaska Tundra and those from the Southern
Arctic and Taiga Shield, largely driven by DOM freshness (i.e., PC2; Figure 7¢). Lakes clustering above PC2 =0
are exclusively part of the Southern Arctic and Taiga Shield ecoregions, suggesting that their lake DOM compo-
sitions are more degraded and subject to common sourcing and processing despite their large geographic extent.
However, the Southern Arctic and Taiga Shield lakes also spread along PC1, suggesting that they also encompass
a gradient of aromaticity that increases northward across the Canadian Shield (Figures 2—4). This latitudinal
trend covaries with forest cover and permafrost extent, where the northernmost lakes from these ecoregions are
less forested and are underlain by continuous permafrost with exposed bedrock. Mean annual precipitation also
decreases northward as these lakes experience less overall, but more intense periods of rainfall than boreal lakes
(Ecosystem Classification Group, 2008, 2012), transporting large quantities of allochthonous DOM that have
accumulated during the summer over short time periods. Allochthonous DOM sourced from soils and perma-
frost thaw have both been shown to leach aromatic DOM (MacDonald, Tank, et al., 2021; Textor et al., 2019),
suggesting that both could be plausible sources to these lakes. Thus, DOM in the Wekweeti and Daring lakes are
likely sourced from a combination of dispersed shrubland vegetation (Figure S1 in Supporting Information S1)
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and active layer permafrost inputs that are transported across the bedrock via surface flow (Ecosystem Classifica-
tion Group, 2012). In contrast, while the Alaska Tundra lakes are also arid, sparsely vegetated, and underlain by
continuous permafrost (Figure S1 in Supporting Information S1), their DOM composition is less aromatic than
Wekweeti and Daring (Figure 7). This is likely due to the coverage of barren landscape (Figure S1 in Support-
ing Information S1) and the low relief of the Alaska coastal plain (Hinkel et al., 2005) limiting the amount of
allochthonous DOM that can be physically transported. These physical features result in lower overall lake DOC
concentrations (Figure 2a) and a greater relative proportion of processed autochthonous DOM (Cory et al., 2007;
Kurek et al., 2022).

Ecoregion classifications also revealed differences in DOM freshness between the PAD lakes split between the
Taiga Shield and Taiga Plains (Figure 7c). The Taiga Plains lakes are significantly more isotopically depleted in
8130, lower in DOC, and more aromatic than the other PAD lakes from the Taiga Shield (Table S3 in Supporting
Information S1). Taiga Plains lakes were also more enriched in heteroatom-containing DOM than PAD lakes
from the Taiga Shield (Figure 7c). This somewhat conflicts with findings from Johnston et al. (2020), where
the most hydrologically connected lakes (i.e., most depleted 8'80 values) in the Yukon Flats were both more
aromatic with lower heteroatom content than DOM from hydrologically connected lakes. In contrast, hydro-
logically connected lakes from the Taiga Plains were more aromatic than Taiga Shield lakes from the PAD, and
also had greater heteroatom content. This mixed signature of allochthonous DOM and high molecular diversity
suggests that DOM in Taiga Plains lakes were incorporated from both fresh vegetation and soil, possibly from
wetlands and extensive littoral zones (Schiff et al., 1998). Indeed, while the PAD lakes from the Taiga Shield are
surrounded by evergreen forests, the PAD lakes from the Taiga Plains were closer to deciduous forests, shrub-
lands, and wetlands (Figure S1 in Supporting Information S1). Wetland-dominated catchments typically have
high DOC and aromatic DOM from fresh, adjacent vegetation, which is rapidly consumed through microbial
processing, resulting in a bulk DOM composition that appears both allochthonous and autochthonous (Kothawala
et al., 2014; Lapierre & Del Giorgio, 2014). Thus, the surrounding landcover (even a relatively small extent of
wetlands) around northern high-latitude lakes likely influences the overall DOC and DOM composition as well
as its relationship with local hydrology (Agren et al., 2008), especially at the regional level where DOM sources
to lakes may vary across several kilometers.

4.3. Revisiting the Controls of Hydrologic Connectivity on Northern High-Latitude Lake DOM
Composition

Several studies have suggested that the hydrology of northern high-latitude lakes is a primary control of DOC and
DOM composition, though at varying spatial scales. For instance, across connected catchments (~50 km), DOC
and aromaticity were highly sensitive to wet and dry periods in the Boreal Plains (Pugh et al., 2021). Similarly,
precipitation and evaporation explained much of the variance in DOM composition and DOC across the Yukon
Flats (~100 km; Johnston et al., 2020) and Western Greenland (~150 km; Kellerman et al., 2020). Our results
suggest that this hydrologic control may be localized to sampling areas or ecoregions, and that allochthonously
derived DOM is only a minor component of the bulk DOC across larger spatial scales within the pan-Arctic
(~2,500 km). To illustrate, correlations between A0 and DOC as well as DOM composition describing molec-
ular size and aromaticity were much weaker compared to the correlations within individual sampling regions
(Figure 6; Table 2) and those across the Yukon Flats (Johnston et al., 2020). While lakes from most sampling
regions trended in the same direction (e.g., decreasing DOC and increasing aromaticity with hydrologic connec-
tivity), lake DOM from the Daring region was invariant with respect to landscape hydrology (Table 2). This is
likely due to the narrow range of depleted §'30 values, low SpC (Table 1), and their allochthonous characters
(i.e., greater aromaticity), suggesting that most of the sampled lakes from this region were strongly connected to
the landscape with little variance. In contrast, lakes in the PAD had some of the most enriched 8'30 values and
highest SpC, but with great variability (Table 1), reflecting how landscape processes from both the Taiga Plains
and Taiga Shield, such as differences in forest cover and wetland extent, influence hydrologic connectivity (Agren
et al., 2008), especially at greater spatial scales where lake regions span multiple catchments.

Additionally, while pan-Arctic correlations between DOM aromaticity and hydrologic connectivity were signif-
icant (Table 2), correlations between hydrologic connectivity and DOC concentration as well as other DOM
properties representing oxygenation (O/C, Cy) and autochthony (%T, FI, and S5 ,45), described by PC3, were
even stronger (Table S4 in Supporting Information S1). This is illustrated by the linear regressions of principal
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components (Figure 7) with §'80 and A'80 (Table S4 in Supporting Information S1). Both PC1 and PC3 corre-
lated positively with §'80 and A'30; however, the correlations with water isotopes were much stronger with PC3
than with PC1 (Table S4; Figure S5 in Supporting Information S1). PC3 also correlated positively with other
geochemical properties relating to local hydrology including pH (r* = 0.38, p < 0.001) and SpC (> = 0.40,
p < 0.001), while PC1 only weakly correlated with pH (> < 0.1, p < 0.05) and SpC (* < 0.1, p < 0.05; Table
S4 in Supporting Information S1).

Taken together, this suggests that the differences between the lake DOM composition, explained by PC1 and
PC3, are controlled by different aspects of local hydrology. One aspect, described by PC1, controls aromaticity
where lakes that are more connected to external water sources have more allochthonous DOM that is independent
of the bulk DOC concentration. The other relationship is described by PC3 where lakes that are more hydrolog-
ically disconnected with longer water residence times have more DOC and autochthonous DOM from primary
production that is also subjected to biological and photochemical processing (Kellerman et al., 2014; Kothawala
et al., 2014). However, unlike in the Yukon Flats where allochthonous and autochthonous composition was
controlled by one axis and DOC concentration by another (Johnston et al., 2020), these two sources were decou-
pled from each other across the pan-Arctic with DOC concentration related mostly to autochthonous DOM. To
illustrate, lakes that had higher DOC and more autochthonous DOM (PC3 > 0) spanned a whole range of aroma-
ticity along PC1 where the least aromatic of these lakes were from the tundra and the most aromatic included the
wetland-dominated lakes from the PAD (Figure S3 in Supporting Information S1). Furthermore, lakes with low
aromatic DOM content (PC1 > 0) did not necessarily have greater primary production, as evidenced from the
weak linear relationship between PC1 with pH and the non-significant relationship with chlorophyll-a (Table S4
in Supporting Information S1).

4.4. Allochthonous and Autochthonous Contributions to Northern High-Latitude Lake DOM

The fact that the DOC concentration is not a significant contributor to PC1 but rather to PC3 suggests that DOC
may be more related to autochthonous DOM production and photochemical alterations than allochthonous DOM
input. Consequently, allochthonous DOM may only be a minor component of the total DOC in WNAA lakes.
This is evident from the weak relationship between DOC and a,, (r* = 0.47) across the sampled lakes compared
to Arctic rivers and the high variability of lakes from each region (Figure 8). Furthermore, the slope of this
relationship (0.82; Figure 8a) is shallower than slopes from previously reported riverine pan-Arctic relation-
ships (2.25-2.47; Figure 8, dashed lines), representing terrigenous DOM in the six largest arctic rivers (Mann
et al., 2016; Spencer et al., 2009, 2012). This deviation from the riverine DOC-CDOM relationship was also
observed for Yukon Flats lakes sampled from 2015 to 2017 (Figure 8a, purple points); however, the overall regres-
sion for this relationship was stronger and more significant than in Johnston et al. (2020), as we only included
summer samples and extended the lower DOC concentration limit by adding the tundra lakes (Figure 8a, blue
points). While most lakes are scattered around the regression line, several points follow the riverine pan-Arctic
regression lines, particularly from Daring and Wekweeti (Figure 8a). These lakes that follow the pan-Arctic
regression have shallow spectral slopes (Figure 8b), the highest proportion of polyphenolic and condensed
aromatic formulae (Figure 8¢), and are the most depleted in §'30 (Figure 8d), suggesting their DOM sourcing
and processing is most similar to that of Arctic rivers (i.e., dominated by allochthonous inputs). In contrast, the
lakes that do not follow the pan-Arctic regressions cover a continuous gradient of DOM properties where the
slope of the DOC-CDOM relationship becomes shallower with less allochthonous input, ultimately approaching
an endmember where the DOC-CDOM relationship is controlled by autochthonous DOM and photodegradation.
Even the tundra lakes, which had similar landcover and permafrost coverage to Daring and Wekweeti (Figure S1
in Supporting Information S1), had shallower CDOM-DOC slopes (0.5-1.2) than the pan-Arctic DOC-CDOM
riverine slopes (Kurek et al., 2022), further highlighting the minor contribution of allochthonous DOM to lakes
in this low relief region.

Autochthonous DOM has lower CDOM absorbance, lower molecular aromaticity, and steeper spectral slopes
than allochthonous leachates and lake DOM (Hansen et al., 2016; Helms et al., 2008; Johnston et al., 2019).
Although autochthonous endmembers were not sampled from these sites, several studies have reported weaker
DOC-CDOM relationships from autochthony. For instance, the St. Lawrence River has a shallower DOC-CDOM
slope (0.275) than other North American rivers (1.65-3.38) due to most of its DOC originating from primary
production in the Great Lakes (Spencer et al., 2012). Similarly, Johnston et al. (2022) reported lower CDOM
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Figure 8. Linear relationships between chromophoric dissolved organic matter absorbance (a,s,) and dissolved organic
carbon. Samples are colored by (a) major lake region, (b) S,,5 5o, (¢) percent relative abundance of condensed aromatics
(CA) + polyphenolics (PPh), and (d) water §'®0. White points in panel d represent samples that did not have available §'0
measurements. Solid black line represents the linear regression of all samples with the 95% confidence interval shaded in
gray. Dashed and dotted black lines represent linear regressions from other published pan-Arctic riverine DOMs.

absorbance and shallower slopes for DOC-CDOM relationships in zooplankton leachates compared to lakes they
were sampled from in North America, including Canvasback Lake. Furthermore, photobleached allochthonous
DOM shares similar aliphatic signatures to autochthonous DOM (Helms et al., 2008; Stubbins et al., 2010), and
often co-occurs in lakes with high productivity and long water residence time (Kothawala et al., 2014). Therefore,
using CDOM absorbance to predict DOC in many northern high-latitude lakes may underestimate their true DOC
concentration. Unlike in most rivers, where DOC is primarily sourced from allochthonous DOM and directly
proportional to CDOM, many lakes from this study contain DOM from a mixture of sources but are more influ-
enced by the optically inactive autochthonous endmembers and vary in their water residence times. Thus, a high
proportion of autochthonous DOM makes relationships with DOC and optical parameters difficult to model in
lakes and results in large variability between individual locations (e.g., Figures 2-5).

Furthermore, a greater proportion of autochthonous DOM presents unique challenges for characterizing DOM
via SPE and FT-ICR MS analysis, as many of these non-aromatic formulae are not extracted in PPL and poorly
ionized in negative electrospray (Gonsior et al., 2011; Li et al., 2017). Given that almost half of the DOC was not
extracted through PPL (see Section 3.4), future studies of pan-Arctic lake DOM may benefit from a combination
of direct sample infusion (e.g., Spencer et al., 2015) and ionization modes that target more saturated and less
oxygenated formulae, such as atmospheric pressure photoionization (APPI; Kurek et al., 2020) to fully charac-
terize their molecular composition and compare them to bulk optical metrics. Our findings expand on studies
suggesting that much of the lake DOM across interior Alaska is not incorporated from allochthonous sources
but rather internally produced from rapidly cycled respiration products (Bogard et al., 2019; Tank et al., 2009).
However, this proportion may decrease relative to allochthonous contributions given ongoing changes in the
Arctic.
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4.5. The Role of DOM in a Dynamic Arctic

As temperature and precipitation patterns continue to change across the pan-Arctic (Bintanja & Andry, 2017,
DeBeer et al., 2016), their effects will be reflected at the ecosystem level through their lake DOM composition.
Over the past 35 years, most of the WNAA experienced higher air temperatures with many regions, such as
the Alaskan Tundra and Canadian Shield, also receiving greater precipitation during the growing season. In
contrast, other regions, such as Interior Alaska and the Canadian Boreal Plains, have also warmed but experi-
enced less precipitation (DeBeer et al., 2016; Ireson et al., 2015; Kuhn & Butman, 2021). In response, most lakes
across the WNAA, including the lake regions from this study except the North Slope (Figure S6 in Supporting
Information S1), have declined in optical greenness, which is a strong indicator of photosynthetic pigments and
primary production (Kuhn & Butman, 2021; Kuhn et al., 2020). As lake greenness declines across the WNAA,
the DOC-CDOM relationship will likely strengthen, resulting in a steeper regression slope that approaches the
pan-Arctic riverine relationships (i.e., one dominated by allochthonous inputs; Figure 8). Many lakes will receive
a greater proportion of allochthonous DOM via surface flow paths, as has been predicted in other high-latitude
lakes (e.g., Larsen et al., 2011). The input of additional allochthonous DOM will increase the bulk aromaticity of
the lakes and may lead to a reduction in phototrophy via browning, shifting many lakes to net heterotrophic (del
Giorgio & Peters, 1994; Solomon et al., 2015) and potentially increasing photodegradation (Lapierre et al., 2013).
While microbial consumption of allochthonous DOM is often less preferential than autochthonous DOM due to
its aromaticity and processing history (Guillemette et al., 2013), an expansion of wetlands, such as in the Taiga
Plains PAD lakes, may deliver fresh DOM from adjacent vegetation increasing both the aromatic DOM content
and biolabile DOM such as protein-like compounds, which are readily mineralized by microorganisms (Behnke
et al., 2021; Lapierre & Del Giorgio, 2014). Thus, as these lakes become more connected to fresh terrigenous
DOM sources, microbial communities will likely respond resulting in increased respiration, shifting of lakes to
overall CO, sources, and changes to their benthic ecological structure (Jansson et al., 2007; Lapierre et al., 2013).

In contrast, some lakes across the WNAA are greening, although these spatial patterns are mostly restricted to
the Northern Arctic and the Alaskan Tundra where the North Slope lakes were sampled (Figure S6 in Supporting
Information S1; Kuhn & Butman, 2021). In this region, many coastal lakes are predicted to continue greening
in the next decade, particularly those that are east of the Barrow peninsula (Lara et al., 2018). As these lakes
become more productive and disconnected from the landscape, internal DOC concentrations will likely increase
and aromaticity will decline, weakening the DOC-CDOM relationship as more autochthonous DOM is produced
throughout the summer (Figure 8). Since this autochthonous DOM is typically more biolabile relative to alloch-
thonous DOM (Guillemette et al., 2013), it will be rapidly consumed after the summer growing season and
cycled internally, ensuring that these lakes remain net autotrophic carbon sinks (Bogard et al., 2019). However,
the spatial heterogeneity of landscape cover and the variability between individual lakes highlight the difficulty
of upscaling lake DOM cycling to the ecoregion level, much like the heterogeneities in terrestrial Arctic green-
ing (Myers-Smith et al., 2020). For instance, many lakes from the western Alaskan Tundra are also predicted to
experience browning (Kuhn & Butman, 2021; Lara et al., 2018) and changes to ice cover near the coast (Kurek
et al., 2022), both of which will influence the extent of aromatic DOM processing. Furthermore, even though
lakes from the Yukon Flats have declined in greenness, implying that aquatic productivity is decreasing (Figure
S6 in Supporting Information S1), many of these lakes have been receding in surface area or infilling with
rooted vegetation and becoming more disconnected from the landscape (Anderson et al., 2013). In this region,
warming-induced permafrost thaw will be the dominant process for controlling DOC input and DOM compo-
sition (Dornblaser & Striegl, 2015; Walvoord et al., 2012) and will have a similar effect to wetland expansion
(i.e., more aromatic and biolabile DOM); however, the proportion of biolabile DOM that will assimilate into
these lakes is currently unknown as permafrost leachates are enriched in these compounds but they are rapidly
consumed during thawing and transport (Spencer et al., 2015; Vonk et al., 2015).

5. Conclusion

Although this study only presents data from a relatively small fraction of the many lakes in the WNAA, it covers
a large spatial transect and provides a holistic overview of many of the findings from individual catchments that
capture the relationship between hydrologic connectivity and DOM composition. Lake DOC and DOM properties
were in ranges similar to regional studies from other northern high-latitude lakes. However, we expand on previ-
ous findings of DOM composition from this region by reporting a northward increase in lake DOM aromaticity
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across the WNAA as permafrost coverage increases and forests transition to shrublands. Additional latitudinal
trends with lake DOM were absent and instead DOM composition, including aromaticity and freshness, varied by
ecoregion through differences in landscape coverage and carbon sourcing. Furthermore, many of these landscape
differences were related to local hydrology. Lakes that were more hydrologically connected to the landscape had
lower DOC concentrations and greater aromaticity than isolated lakes, which were more processed. This agreed
with several localized studies (e.g., Johnston et al., 2020; Kellerman et al., 2020); however, these relationships
were weak across the pan-Arctic scale (~2,500 km) with DOM in certain lake regions unresponsive to changes in
hydrology due to their extensive surface flow paths and continuous permafrost coverage (e.g., Daring). Finally,
DOM in many of these lakes was influenced by autochthonous production and photodegradation as DOC concen-
trations were decoupled from allochthonous input and correlated weakly with optical absorbance. As the Arctic
changes in the coming decades, further research is needed to evaluate how DOM composition and processing
may respond to inputs of external carbon sources, such as from the landscape and permafrost thaw, as well as
expansion of new flow paths, such as in wetlands and the subsurface.
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