
Abstract  Climatic changes are transforming northern high-latitude watersheds as permafrost thaws 
and vegetation and hydrology shift. These changes have implications for the source and reactivity of 
riverine dissolved organic matter (DOM), and thus biogeochemical cycling, across northern high-latitude 
systems. In this study, we use a latitudinal gradient from the interior to the North Slope of Alaska to 
evaluate seasonal and landscape drivers of DOM composition in this changing Arctic environment. To 
assess DOM source and composition, we used absorbance and fluorescence spectroscopy to measure DOM 
optical properties, lignin biomarker analyses to evaluate vascular plant contribution to the DOM pool, and 
Fourier transform ion cyclotron resonance mass spectrometry (FT-ICR MS) to assess DOM compositional 
changes. We found that seasonal inputs of DOM at elevated discharge during the freshet were typically 
more aromatic in nature with higher lignin concentrations and carbon-normalized yields. Landscape 
characteristics were a major control on dissolved organic carbon (DOC) yields and DOM composition. 
More northern watersheds, which were steeper, underlain by continuous permafrost, and exhibited a 
mix of barren and lichen/moss vegetation cover, exported less DOC with relatively more aliphatic DOM 
compared to more southern basins. Watersheds with deeper active layers exported DOM that was more 
aromatic with higher polyphenolic and condensed aromatic relative abundances and lignin yields, likely 
sourced from shallow subsurface flow during high discharge periods. However, contributions from deeper 
groundwater to streamflow is expected to increase, which would increase interactions of groundwater 
with mineral soils and decrease aromatic DOM contributions during periods of low discharge.

Plain Language Summary  Northern high-latitude rivers are undergoing changes linked to 
thawing permafrost, warming temperatures, and altered hydrology due to climate change. These changes 
will impact the source and cycling of carbon in these rivers. Here, we analyzed dissolved organic matter 
(DOM) composition from watersheds across a gradient of permafrost and vegetation coverage to assess 
how northern high-latitude rivers will respond to change. This gradient of time and space enabled us to 
project how watersheds might respond to climatic changes. We hypothesized that sites with continuous 
permafrost north of the tree line export less dissolved organic carbon and DOM that is less terrestrial, 
due to longer subsurface residence that enhances processing of terrestrial DOM. Consistent with this 
hypothesis, the sparsely vegetated, steep northern watersheds underlain by continuous permafrost 
contained DOM characteristic of snowmelt or groundwater. Conversely, more forested, southern basins 
contained more terrestrial DOM. As these watersheds change the contribution of shallow subsurface 
flow might increase DOC exports and the contribution of terrestrial DOM, with the caveat that deeper 
groundwater contributions with altered hydrology can decrease DOC and terrestrial inputs in these 
systems.
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1.  Introduction
Northern high-latitude regions are experiencing rapid changes due to climate change that are impacting 
carbon (C) cycling and biogeochemical processing in these regions (McGuire et al., 2009). The northern 
high-latitude landscape contains abundant surface water, including lakes and rivers, vulnerable to climatic 
changes (Bring et al., 2016; Verpoorter et al., 2014). Arctic rivers transport approximately 34 Tg C to the 
Arctic Ocean annually, representing a major flux of dissolved organic carbon (DOC) to the global oceans 
(Holmes et al., 2012; Johnston et al., 2018; Mann et al., 2016). Rivers act as important sites of biogeochem-
ical processing and integrate the biogeochemical signals from terrestrial and aquatic ecosystems across the 
landscape (Battin et al., 2009; Cole et al., 2007; Drake et al., 2018). Changes associated with climatic warm-
ing, including permafrost thaw, ecological succession, and a longer growing season, are projected to alter 
the transport and reactivity of C in these rivers (Abbott et al., 2016; Hu et al., 2010; Jorgenson et al., 2013; 
O’Donnell et al., 2012; Vonk, Tank, Bowden, et al., 2015). Thus, understanding the sensitivity of northern 
high-latitude rivers to these changes across a gradient of latitudes and landscape characteristics is critical to 
predict the future C balance of the Arctic under climatic warming.

Northern high-latitude river hydrology is driven by seasonal snowmelt in the spring, delivering a large 
proportion of the annual flux of DOC and terrestrial dissolved organic matter (DOM) during the freshet, 
the period of high discharge during snow and ice melt (Holmes et al., 2012; Kaiser et al., 2017; Stedmon 
et al., 2011). Over 50% of the annual water yield in large Arctic rivers occurs during the freshet, coinciding 
with the period of maximum DOC export (Amon et al., 2012; Holmes et al., 2012). Later in the summer 
months, the active layer thaws and permafrost may thaw, shifting hydrologic flowpaths deeper in the soil 
profile and causing greater interaction between shallow and deep groundwater and surface waters (Bring 
et al., 2016; Koch et al., 2013; Walvoord et al., 2012). As the active layer thaws seasonally, subsurface flow 
paths shift from organic to mineral soil horizons, this shift is associated with a higher relative contribu-
tion of less aromatic DOM from groundwater sources compared to other DOM sources (Bring et al., 2016; 
McClelland et al., 2007; O’Donnell et al., 2012; Walvoord & Striegl, 2007). Regions underlain by discon-
tinuous permafrost are particularly vulnerable to rising soil temperatures, as soil temperatures are clos-
er to thawing temperatures and changes in discontinuous permafrost extent have been recently observed 
(Jorgenson et al., 2001). The diminished extent of discontinuous permafrost and shifts from continuous 
to discontinuous permafrost regions will have implications for hydrology and DOM composition (Frey & 
McClelland,, 2009; Loranty et al., 2018; O’Donnell et al., 2012; Schuur et al., 2013). Groundwater plays an 
important role in contributing DOM to northern high-latitude rivers (Connolly et al., 2020). For example, 
approximately one quarter of the annual discharge to the Yukon River is from groundwater, with higher 
contributions from groundwater during the under-ice period (Walvoord & Striegl, 2007). Increasing ground-
water contribution to streams across Alaska has been implicated in decreasing DOC concentrations and 
increasingly biolabile DOM in streams and rivers (O’Donnell et al., 2012; Striegl et al., 2005; Walvoord & 
Striegl, 2007).

In addition to changes in DOM composition associated with shifts in groundwater contributions, thawing 
permafrost can alter the quality of DOM released from the terrestrial landscape (O’Donnell et al., 2014, 2016). 
Laboratory incubations demonstrate that permafrost can release highly biolabile DOM, with up to 50% loss 
of DOC over a 28-day period (Mann et al., 2012; Spencer et al., 2015; Vonk, Tank, Mann, et al., 2015). Per-
mafrost thaw is also likely to increase the export of low molecular weight, biolabile DOC to rivers (Drake 
et al., 2015; Spencer et al., 2015) containing aged vascular plant derived DOM (Feng et al., 2017). Landscape 
scale changes, including the lengthening of the ice-free season, the northward progression of vegetation, 
and wildfires will also impact the composition, concentration, and sources of DOM transported in Arctic 
rivers (Abbott et al., 2016; Rodriguez-Cardona et al., 2020; Stubbins et al., 2015), however the response to 
these changes is uncertain across the complex landscape (Loranty et al., 2018).

In fluvial ecosystems, DOM composition varies throughout the river network from headwaters to large 
rivers and with latitude (Casas-Ruiz et al., 2020; Kawahigashi et al., 2004; Massicotte et al., 2017), however 
many studies of northern high-latitude rivers have focused on large river systems. The composition and re-
activity of DOM is tightly linked to its source and processing (D’Andrilli et al., 2015; Kellerman et al., 2018). 
Changes in the source and thus composition of DOM have implications for the biogeochemical role and fate 
of DOM, impacting C cycling in these northern watersheds. Recent advances in mass spectrometry allow 
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the identification of DOM composition at ultrahigh resolution via Fourier transform ion cyclotron reso-
nance mass spectrometry (FT-ICR MS). Together with the measurement of quantitative biomarker tech-
niques, such as lignin phenols, which are unique tracers of vascular plant inputs, these analyses give us new 
insights into DOM composition and sources across the landscape (Amon et al., 2012; Kellerman et al., 2018; 
O’Donnell et al., 2016). Past studies have also found strong relationships of chromophoric DOM (CDOM) 
measurements with FT-ICR MS and lignin parameters demonstrating the utility of CDOM to rapidly assess 
DOM composition (Johnston et al., 2018; Kellerman et al., 2018; Spencer et al., 2008). Such optical meas-
urements require small sample volumes, are relatively inexpensive, and can be done in situ at high temporal 
resolution or via remote sensing techniques to improve spatial coverage (Griffin et al., 2018). Thus, such 
techniques offer great potential for improving our understanding of changing DOM composition across 
broad temporal and spatial scales.

To examine the seasonal and environmental drivers of DOC concentration and DOM composition in the 
boreal-Arctic transition in interior Alaska, we collected samples from six rivers across a latitudinal gradient 
of permafrost, vegetation cover, and mean annual temperature. Using this gradient of latitude as a substitu-
tion for time (Lester et al., 2014), our overarching goal was to assess how riverine DOM sources and fluxes 
might change as permafrost thaws and vegetation changes in these northern watersheds. We evaluated 
the composition of DOM across this latitudinal gradient using CDOM, FT-ICR MS, and lignin biomarkers. 
The objectives of this study were to assess: (a) the impact of seasonality on DOM composition across the 
boreal-Arctic latitudinal transition; (b) the landscape scale controls on DOM composition and export; and 
(c) the fluxes and yields of DOC and terrestrial DOM, assessed via DOC concentration, lignin and CDOM 
absorbance, across a latitudinal and landscape gradient. Our space-for-time experimental design across a 
gradient of latitude, landscape characteristics, and discharge allowed us to examine how the composition 
and timing of fluvial C exports will respond to projected changes in northern high-latitudes.

2.  Methods
2.1.  Study Site and Sample Collection

We sampled six rivers and streams within the Yukon River Basin and the North Slope of Alaska spanning a 
gradient of latitude from the Salcha River, just south of Fairbanks to the Sagavanirktok River on the North 
Slope of Alaska (Figure 1; Table 1) during the ice-free season in 2016 (May–October) and the period of 
peak discharge in May 2017. Methods used to derive landscape characteristics such as permafrost coverage, 
active layer thickness, and land cover are described in Carey et al. (2020). The watersheds are underlain 
by a south to north gradient of discontinuous to continuous permafrost (50%–90%, and greater than 90% 
underlain by permafrost, respectively). Maximum active layer thickness (ALT) ranged from 1.536 m in the 
Tolovana River watershed (discontinuous permafrost) to 0.108 m in the Atigun River watershed (contin-
uous permafrost) (Table 1) (Carey et al., 2020). Sites spanned a gradient of boreal forest and tundra land 
cover, from forest, grass, and shrubland dominated watersheds in the south, to barren, lichen, or moss dom-
inated watersheds in the north (Table S1). The southern, boreal forest sites (Salcha, Chena, Tolovana, and 
Slate) are part of the Yukon River Basin and the northern tundra sites (Atigun and Sagavanirktok Rivers) 
drained streams flowing out of the Brooks Range. Field sites were located at U.S. Geological Survey contin-
uous discharge (streamflow, Q) gages so that total exports of material could be calculated. Water yield was 
calculated as discharge normalized to watershed area (Table S2).

At each site, samples were collected from the middle of the river into acid washed (1 M HCl) HDPE sample 
bottles approximately every three to four days through the freshet period from May 2, 2016 to May 29, 2016. 
Additional samples were collected approximately monthly throughout the ice-free season in 2016 and in 
May 2017 for a total of 12–14 samples per site in the southern sites and 11 samples from the Atigun and 
Sagavanirktok Rivers (Table 1). Samples for lignin analyses were collected every second visit due to sam-
ple volume constraints. Following collection, samples were kept cold (4°C) and in the dark until filtering 
(<4 h). Samples were filtered to 0.45 μm through a rinsed Geotech dispos-a-filter Versapor capsule filter into 
acid washed (1 M HCl) polycarbonate or HDPE bottles. Samples were stored frozen (−20°C) until analysis.
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2.2.  Dissolved Organic Carbon Concentration and Optical Analyses

Filtered (0.45 μm) samples were acidified to pH 2 with 12 M HCl and analyzed for DOC concentration via 
high temperature catalytic oxidation on a Shimadzu TOC-L CHP. Samples were sparged for five minutes 
with CO2-free air to remove dissolved inorganic carbon prior to analysis. Concentrations were calculated 
based on a five-point standard curve and the average of three out of seven replicate injections with a stand-
ard deviation less than 0.1 mg L−1 and coefficient of variation less than 1.0% using established protocols 
(Johnston et al., 2018).

Absorbance and fluorescence of DOM was measured on thawed, filtered water samples (0.45  μm) in a 
10 mm quartz cuvette on a Horiba Aqualog at room temperature (20°C). Absorbance was measured between 

Figure 1.  Map of sampling locations and watersheds.
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wavelengths 230 and 800 nm and fluorescence was measured at excitation wavelengths from 230 to 500 nm 
and emission wavelengths from 230 to 800 nm. Spectra were normalized and blank corrected upon acquisi-
tion using the Aqualog software. Spectral indices were calculated using the DrEEM MATLAB toolbox (Mur-
phy et al., 2013). Absorbance parameters included the Napierian absorption coefficient at 254 and 350 nm 
(a254 and a350, respectively), indicative of CDOM in the sample, spectral slope from 275 to 295 nm (S275–295) 
and from 350 to 400 nm (S350–400), and the spectral slope ratio (SR; S275–295: S350–400) related to DOM aroma-
ticity and molecular weight (Helms et al., 2008). Fluorescence index (FI) was calculated as the ratio of the 
emission intensity of 470–520 nm at 370 nm excitation (Cory & McKnight,, 2005; McKnight et al., 2001), 
and is linked to DOM source and aromaticity. The specific UV absorbance at 254 (SUVA254) was calculated 
as the DOC normalized decadic absorption coefficient at 254 nm, and is related to the aromaticity of DOM 
(Weishaar et al., 2003).

2.3.  Solid Phase Extractions

DOM was isolated via solid phase extraction prior to FT-ICR MS and lignin phenol analyses onto separate 
PPL cartridges (Agilent Technologies). Filtered (0.45 μm) samples were acidified to pH 2 with 12 M HCl and 
PPL cartridges were soaked in methanol (>4 h) prior to extraction. For FT-ICR MS, an aliquot of filtered, 
acidified sample water equivalent to 40 μg OC was extracted onto 100 mg PPL cartridges (Agilent Technol-
ogies, 3 mL) and eluted with methanol for a final concentration of 50 μg OC mL−1 (Dittmar et al., 2008). A 
separate aliquot of filtered, acidified sample water was extracted for lignin, volumes were adjusted in order 
to extract 2.5 mg DOC onto 1 g PPL cartridges (Agilent Technologies), up to a maximum of 500 mL. Samples 
for lignin analyses where then eluted with 4 mL of methanol.

2.4.  Lignin Phenol Biomarker Analysis

Biomarker lignin phenols were measured on a subset of samples with four to five samples analyzed for 
each site. Dried solid phase extracts were oxidized using cupric oxide followed by liquid-liquid extraction 
prior to analysis using GC-MS following established protocols (Johnston et al., 2018; Spencer et al., 2010). 
Briefly, dried extracts were dissolved in O2-free 2M NaOH; oxidized with 500 mg cupric oxide, 75 mg ferrous 
ammonium sulfate, and 50 mg glucose; and heated to 155°C for 3 h. Then trans-cinnamic acid was added as 
an internal standard and samples were acidified to pH 1 with 85% H3PO4. Acidified oxidation products were 
extracted via liquid-liquid extraction into ethyl acetate, dried, and reconstituted in pyridine. Samples were 
then derivatized with N/O bis-trimethylsilyltrifluoromethylacetamide and 1% trimethylchlorosilane at 60°C 
for 10 min and analyzed on an Agilent 6890N GC/5975 MS with a DB5-MS-UI column (30 m × 0.25 mm 
i.d.) following methods described in Spencer et al. (2010) and Hernes and Benner (2002). Lignin phenol 
concentrations were measured as the response ratio to trans-cinnamic acid, quantified using a five-point 

USGS ID River name Latitude Longitude

Drainage 
area 

(km2)

Relief 
(slope, 

in 
degrees)

Mean annual 
discharge 

(m3 d−1 km−2)
Permafrost 

zone

Average 
annual 
active 
layer 

Depth 
(m)

Mean 
annual air 

temperature 
(°C)

DOC 
flux 
(Gg 
y−1)

DOC 
yield (g 
m−2 y−1)

Yukon Basin

15484000 Salcha 64°28'22" 146°55'26" 5,620 20.7 911.7 Discontinuous 1.5 0.42 18.2 3.2

15493000 Chena at Two Rivers 64°54'10" 146°21'25" 2,427 20.6 906 Discontinuous 1.0 0.02 12.6 5.1

15518900 Tolovana 65°28'19" 148°15'59" 360 10.4 578.3 Discontinuous 1.5 0.84 6.0 9.4

15564879 Slate 67°15'17" 150°10'24" 190 17.5 1,084 Continuous 1.2 −1.79 0.4 2.1

North-Slope Basin

15905100 Atigun 68°27'10" 149°22'06" 769 29.8 938.9 Continuous 0.1 −5.5 1.1 1.4

15908000 Sagavanirktok 69°50'23" 148°48'25" 4,817 25.5 934.4 Continuous 0.9 −5.34 8.7 1.8

Table 1 
Location, Landscape Characteristics and Fluxes and Yields of DOC for Each Sample Site
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standard curve containing vanillyl (vanillin, acetovanillone, and vanillic acid), syringyl (syringaldehyde, 
acetosyringone, and syringic acid), and cinnamyl (p-coumaric acid and ferulic acid) lignin phenols from 0.5 
to 25 ng uL−1. Blank concentrations were <2% of the total lignin concentration.

2.5.  FT-ICR MS

Solid phase extracts for FT-ICR MS were ionized with negative electrospray ionization and directly infused 
into a 21 T FT-ICR MS at a flow rate of 700 nL min−1 (Hendrickson et al., 2015; Smith et al., 2018). One 
hundred consecutive scans were coadded to generate the mass spectrum for each sample with a mass to 
charge ratio (m/z) from 120 to 1,200. Peaks with a signal to noise ratio greater than 6σ RMS baseline noise 
plus baseline and mass measurement accuracy smaller than 200 ppb were considered for molecular formula 
assignment (Blakney et al., 2011). Formulae were assignment using EnviroOrg Software (Corilo, 2015) to 
compounds with molecular formulae containing C1–100H4–200O1–25N0–2S0–1. The term compound is used here 
to describe the underlying molecular compounds comprising DOM identified via FT-ICR MS, however 
these molecular formulae can represent multiple isomers. Compound classes were defined based on ele-
mental ratios and the modified aromaticity index (AImod) (Koch & Dittmar, 2006, 2016). Compound classes 
include highly unsaturated and phenolic (AImod < 0.5, H/C < 1.5), aliphatic (H/C ≥ 1.5, N = 0), polyphe-
nolic (0.67 > AImod > 0.5), condensed aromatic (AImod ≥ 0.67), peptide-like (H/C ≥ 1.5, N > 0), and sug-
ar-like (O/C > 0.9) following previously described compound classes (Kellerman et al., 2018; O’Donnell 
et al., 2016). Relative abundances were calculated as the abundance of each assigned molecular formula 
scaled to 100%, thus taking into account the different abundances of each molecular formula contribution 
to the compound classes.

2.6.  Flux Calculations and Numerical Analyses

Flux and yield of DOC were calculated for each watershed where a minimum of 12 samples were collected 
using the USGS developed Load Estimator (LOADEST) program (Runkel et al., 2004). LOADEST provides 
daily flux estimates based on the relationship between Q and concentration and uses daily flux to calculate 
annual fluxes. For sites with fewer than 12 samples (Atigun and Sagavanirktok Rivers, n = 11), discharge 
and DOC were significantly correlated through the freshet sample period (Figure S1), for these sites a sin-
gle additional calculated DOC concentration based on discharge was interpolated to reach the minimum 
requirement of 12 observations to perform flux and yield estimates. Spearman rank correlations were per-
formed on FT-ICR MS data in Python as correlations between relative abundances and landscape and DOM 
parameters. All correlations were reported as significant at p < 0.05 for Spearman rank correlations and 
linear regressions. Error terms are reported as standard deviation.

3.  Results
3.1.  Dissolved Organic Carbon Concentrations and Spectral Indices

The concentration of DOC across the six sites ranged from 0.84 to 26.54 mg L−1 (mean = 6.85 ± 6.69 mg L−1, 
n  =  73; Figures  2a–2e; Table  2). The Atigun River exhibited the lowest mean DOC concentration 
(mean = 1.44 ± 0.57 mg L−1, n = 11; Figure 2e; Table 2). The highest DOC concentrations were observed 
in the Tolovana River, an organic-rich, blackwater river (19.78 ± 3.95 mg L−1, n = 13; Figure 2c; Table 2). 
Our values from the Tolovana were similar to DOC concentrations measured in 2002 (13.99 mg L−1) and 
2005–2006 (8.7–24.4 mg L−1) (O’Donnell et al., 2010; Spencer et al., 2008). Peak DOC concentrations gener-
ally corresponded with the freshet and declined throughout the remainder of the sampled ice-free season. 
All sites except Tolovana experienced high Q events later in the ice-free season (Figure 2). At sites where the 
late high Q event was sampled (Salcha and Chena), relatively high DOC concentrations were observed (Fig-
ures 2a–2c). The DOC minima observed in the Chena and Salcha Rivers during low Q (2.72 and 3.24 mg L−1, 
respectively; Figures 2a and 2b) were similar to those observed in a previous study of winter baseflow DOC 
concentrations (2.3 and 2.4 mg L−1, respectively) (O’Donnell et al., 2012).

Absorbance parameters included a254 and a350, S275–295 and S350–400, SR, and SUVA254. Across the six sites 
a254 ranged from 4.8 to 233.3  m−1 (mean  =  58.9  ±  61.9  m−1, n  =  73; Table  2) and means ranged from 
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21.6 ± 14.1 m−1 in the Sagavanirktok River to 177.2 ± 38.8 m−1 in the Tolovana River. The mean a350 across 
all sites was 16.3 ± 17.2 m−1 (1.0–65.0 m−1, n = 73; Table 2). Similar to DOC, the lowest a350 was observed 
in the Atigun River (2.2 ± 1.1 m−1) and the highest in the Tolovana River (48.8 ± 11.3 m−1; Table 2). The 
lowest a254 and a350 values were observed in the sites underlain by continuous permafrost (Atigun and 
Sagavanirktok Rivers) compared to the highest averages observed in the Tolovana River with the deepest 
active layer (Table 2). Spectral slope ranges have previously been related to DOM source and aromaticity 

Figure 2.  Discharge (gray line) and DOC concentrations (black dots) at each site from April 15 to October 15, 2016. A- Salcha, B- Chena, C- Tolovana, D- Slate, 
E- Atigun, F- Sagavanirktok.
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(Helms et al., 2008). The S275–295 varied from 11.71 to 17.77 μm−1 (mean = 14.22 ± 1.41 μm−1, n = 73). The 
shallowest mean S275–295 was observed in the Tolovana River (13.46 ± 0.47 μm−1) and the steepest mean 
in the Atigun River (16.20 ± 1.22 μm−1) (Table 2). The mean S275–295 observed in this study was similar to 
values previously reported for the Yukon River during peak Q (12 μm−1) (Kellerman et al., 2018). Across all 
sites, the average S350–400 was 15.88 ± 2.80 μm−1 (n = 73) and ranged from 5.48 μm−1 prior to the freshet in 
the Sagavanirktok River (mean = 11.72 ± 4.08 μm−1) to 21.17 μm−1 during the freshet in the Atigun River 
(mean = 16.56 ± 2.40 μm−1; Table 2). The SR is related to the molecular weight and aromatic content of 
DOM (Helms et al., 2008), and exhibited a mean of 0.95 ± 0.36 across all the sites, and ranged from 0.75 
during the summer in the Slate (mean = 0.81 ± 0.04) to 2.86 prior to the freshet in the Sagavanirktok River 
(mean = 1.42 ± 0.75, Table 2, Table S2).

SUVA254 has been linked to DOM aromaticity with more aromatic samples exhibiting higher SUVA254 values 
(Weishaar et al., 2003). SUVA254 ranged from 2.1 L mg C−1 m−1 in the Atigun River to 4.3 L mg C−1 m−1 in 
Slate Creek at the peak of the freshet. Across all sites, the mean SUVA254 value was 3.4 ± 0.6 L mg C−1 m−1. 
The range and mean of SUVA254 was similar to those observed by Spencer et al. (2008) for streams and rivers 
in the Yukon River Basin (1.3–4.5 L mg C−1 m−1, mean = 3.1 L mg C−1 m−1). Atigun River exhibited the 
lowest mean SUVA254 (2.6 ± 0.3 L mg C−1 m−1) and the Tolovana River exhibited the highest mean SUVA254 
values (3.9 ± 0.2 L mg C−1 m−1; Table 2). Minimum SUVA254 values observed here were similar to a previ-
ously reported under-ice SUVA254 value from the Salcha River (2.4 L mg C−1 m−1) (O’Donnell et al., 2012). 
The mean SUVA254 observed in the Atigun River was similar to under-ice SUVA254 reported for streams and 
rivers in interior Alaska (2.5–3.2 L mg C−1 m−1) (O’Donnell et al., 2010). Similar to a254 and a350, SUVA254 
was lowest in the site with shallow ALT and low vegetation cover (Atigun; Table 1) and highest in the site 
with the deepest ALT (Tolovana; Table 1).

The FI is related to DOM composition and source, with values typically ranging from ∼1.4 in terrestrially 
dominated, aromatic rich blackwater systems to ∼1.9 for microbially derived aromatic poor DOM (Cory & 
McKnight, 2005; McKnight et al., 2001). Our values encompass the range of values previously observed for 
similar sites in interior Alaska (1.5–1.8) (Harms et al., 2016), ranging from 1.49 in the Sagavanirktok and 
Tolovana Rivers during the freshet to 1.67 in Slate Creek during the fall when Q was low (mean = 1.58 ± 0.05, 
n = 73; Table 2). The mean FI among all sites exhibited little variation (1.55–1.60). The lowest mean FI was 
observed in the Atigun and Sagavanirktok Rivers (1.55 ± 0.03, 1.55 ± 0.05, respectively), both of which are 
underlain by continuous permafrost. The highest FI was observed at the most southern sites, the Salcha 
and Chena Rivers (1.60 ± 0.03, 1.60 ± 0.04, respectively), which are underlain by discontinuous permafrost.

3.2.  Lignin Phenol Biomarkers

Lignin is exclusively produced by vascular plants and provides a robust tracer of terrestrially sourced DOM 
in aquatic systems (Hedges & Mann, 1979; Hernes & Benner,, 2003). Lignin phenols were measured on 
a subset of samples (n = 29) due to the large sample volumes required and the analytically intensive and 
expensive method. Samples were collected for lignin every second site visit to each site ensuring that sam-
ples spanned a range of discharge during the freshet period. Lignin concentration was calculated as the 
sum of the eight lignin phenols (Σ8) and ranged from 1.71 μg L−1 in the Atigun River to 132.16 μg L−1 in 
the Tolovana River. The mean Σ8 across all sites was 20.81 ± 31.47 μg L−1 (n = 29; Table 3). The range and 
mean Σ8 was similar to previous measurements in rivers and streams in interior Alaska (0.8–124.4 μg L−1, 
mean = 27.5 μg L−1, n = 29) (Spencer et al., 2008). Generally, Σ8 increased through the peak of the freshet 
and decreased following freshet (Table S3).

The relative contribution of vascular plant material to the bulk DOM pool was assessed using the carbon 
normalized lignin yield of the eight lignin phenols (Λ8). Values for Λ8 ranged from 0.10 mg (100 mg OC)−1 in 
the Chena River following the freshet, to 0.50 mg (100 mg OC)−1 in Slate Creek and the Tolovana River also 
around freshet (Figure 3; Table 3). The mean Λ8 across sites was 0.26 ± 0.12 mg (100 mg OC)−1 (n = 29; Ta-
ble 3). The Chena and Salcha Rivers exhibited the lowest mean Λ8 (mean = 0.15 ± 0.02 and 0.15 ± 0.04 mg 
(100 mg OC)−1, respectively; Figures 3a and 3b) and the highest Λ8 was observed in the Tolovana River 
(mean = 0.39 ± 0.08 mg (100 mg OC)−1; Figure 3c; Table 3). The Λ8 typically peaked with Q; this is most 
pronounced in the Tolovana River where sampling began just following freshet and Λ8 declined from 0.50 
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to 0.31 mg (100 mg OC)−1 and then increased with discharge in late May 
2016 (0.34 mg (100 mg OC)−1) (Table S3).

The ratios of the lignin phenols are used to distinguish between plant 
tissue sources (Hedges & Mann, 1979; Spencer et al., 2008) and may be 
related to DOM phase changes (Hernes et al., 2007). The ratio of the cin-
namyl to vanillyl phenols (C/V) and syringyl to vanillyl phenols (S/V) 
varies by plant type and distinguishes between woody and nonwoody 
sources and angiosperm versus gymnosperm sources of lignin (Hedg-
es & Mann, 1979). In Arctic and boreal regions these ratios can be al-
tered by the presence of non-vascular vegetation such as mosses that 
are abundant in these regions (Amon et al.,  2012; Moingt et al.,  2016; 
Williams et  al.,  1998). Across all sites, C/V ranged from 0.17 to 1.14 
(mean = 0.50 ± 0.30, n = 29; Table 3; Figure 4), representing values that 
are a mix of nonwoody and woody tissues. The S/V ratios ranged from 
0.48 to 1.34 (mean = 0.78 ± 0.27, n = 29; Table 3; Figure 4) and were 
representative of a mix of gymnosperm to predominantly angiosperm de-
rived lignin sources (Spencer et al., 2008). The Atigun and Sagavanirktok 
Rivers, sites north of the tree line on the North Slope, exhibited ratios 
typical of nonwoody angiosperm tissue, while all other sites comprised 
a mixture of sources (Figure 4). The ratios of C/V and S/V were high-
er than previously measured in the Yukon River Basin (0.15–0.72 and 
0.46–0.80, respectively), which did not include sites north of the tree line 
dominated by tundra vegetation (Spencer et al., 2008). Lichen and moss 
cover was significantly positively correlated to both C/V and S/V ratios 
(r2 = 0.77 and 0.98, respectively, p < 0.05), while forest cover was nega-
tively correlated with S/V ratio (r2 = 0.78, p < 0.05), and grass or shrub-
land cover was negatively correlated with C/V ratio (r2 = 0.73, p < 0.05; 
Tables S1 and S3).

3.3.  Molecular Composition

Compositional changes to DOM were evaluated via FT-ICR MS across 
the seasonal and latitudinal gradient. The number of molecular formu-
lae assigned ranged from 4,795 in the Chena River to 10,872 in the Ati-
gun River (mean = 8,488 ± 1,092, n = 73; Table 2), and 4,133 molecular 
formulae were common to all samples. Aromaticity was evaluated us-
ing AImod with higher values associated with more terrestrially derived 
DOM sources (Koch & Dittmar, 2006). The mean AImod was 0.33 ± 0.02 
(0.29–0.36, n = 73; Table S2), similar to values observed from the North-
ern Dvina River, an Arctic river dominated by vascular plant inputs 
(mean = 0.35) (Johnston et al., 2018). The lowest mean AImod was ob-
served in the Atigun River (0.31 ± 0.01), which also exhibited the lowest 

mean SUVA254. The maximum mean AImod was observed in the Tolovana River (0.34 ± 0.01), where maxima 
mean Λ8 and SUVA254 were also observed (Tables 2 and 3; Figure 3).

Compound classes identified via FT-ICR MS are related to DOM source and reactivity (D’Andrilli et al., 2015; 
Kellerman et al., 2018; O’Donnell et al., 2016). Here we compare the relative abundances of these broad 
compound classes with the caveat that some compound classes ionize more efficiently compared to others 
(Kujawinski, 2002). The highly unsaturated and phenolic compound class accounted for a majority of the 
relative abundance of assigned molecular formulae (81.9 ± 3.5%, n = 73; Figure 5). Polyphenolics are pre-
dominantly derived from terrestrially derived DOM, such as lignin and tannins (Kellerman et al., 2014). 
The relative abundance of polyphenolics ranged from 6.3% in Slate Creek during the fall to 16.2% in the 
Sagavanirktok River at the peak of freshet (mean  =  11.4  ±  2.2%, n  =  73; Figure  5; Table  2). The rela-
tive abundance of polyphenolics increased with discharge in all sites except the Atigun River (Table S2). 

Site Σ8 (μg L−1)
Λ8 (mg (100 mg 

OC)−1) C/V S/V

Salcha Mean 7.94 0.15 0.35 0.61

n = 5 Min 3.96 0.12 0.20 0.59

Max 11.92 0.17 0.51 0.68

  SD 3.71 0.02 0.13 0.04

Chena Mean 6.52 0.15 0.40 0.55

n = 5 Min 2.80 0.10 0.18 0.53

Max 11.00 0.20 0.66 0.58

  SD 3.77 0.04 0.21 0.02

Tolovana Mean 89.25 0.39 0.21 0.52

n = 4 Min 50.98 0.31 0.17 0.48

Max 132.16 0.50 0.23 0.55

  SD 33.53 0.08 0.03 0.03

Slate Mean 21.94 0.36 0.28 0.76

n = 5 Min 3.08 0.17 0.19 0.67

Max 48.97 0.50 0.54 0.92

  SD 18.58 0.15 0.15 0.09

Atigun Mean 3.53 0.22 0.81 0.97

n = 5 Min 1.71 0.18 0.56 0.72

Max 6.41 0.27 0.91 1.26

  SD 2.01 0.04 0.14 0.20

Sagavanirktok Mean 9.39 0.29 0.89 1.22

n = 5 Min 2.32 0.23 0.63 1.00

Max 16.81 0.36 1.14 1.34

  SD 5.16 0.05 0.19 0.13

All sites Mean 20.81 0.26 0.50 0.78

n = 29 Min 1.71 0.10 0.17 0.48

Max 132.16 0.50 1.14 1.34

  SD 31.47 0.12 0.30 0.27

Table 3 
Lignin Parameter Statistics (Mean, Minimum [Min], Maximum [Max], 
and Standard Deviation [SD]) Including Lignin Concentration (Σ8) and 
Yield (Λ8) and the Ratios of the Cinnamyl to Vanillyl (C/V) and Syringyl to 
Vanillyl (S/V) for Each Site and the Combined Statistics
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Condensed aromatics are related to terrestrial DOM derived from incomplete combustion of organic matter 
and non-pyrogenic degradation of terrestrial DOM (Waggoner et al., 2015). The relative abundance of con-
densed aromatics ranged from 1.1% during the fall in Slate Creek to 5.3% in the Sagavanirktok River at the 
peak of freshet (mean = 2.9 ± 1.0%). Condensed aromatics increased with increasing discharge through the 
freshet (Table S2). The aliphatic, peptide-like, and sugar-like compound classes are typically associated with 
more biolabile DOM derived from fresh sources such as plant leachates, and also well-preserved organic 
matter such as permafrost (D’Andrilli et al., 2015; Spencer et al., 2015; Textor et al., 2019). The aliphatic 

Figure 3.  Carbon normalized lignin yield (black dots) plotted with the hydrograph (gray line) for each site in 2016. A- Salcha, B- Chena, C- Tolovana, D- Slate, 
E- Atigun, F- Sagavanirktok.
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compound classes ranged from 1.5% to 6.1% (mean = 2.9 ± 1.1%, n = 73; Figure 5; Table 2) and exhibited the 
highest mean relative abundance in the Atigun River (mean = 4.7 ± 0.8%) and lowest in the Chena River 
(2.0 ± 0.3%). Across all sites, the combined relative abundance of sugar-like and peptide-like compound 
classes did not exceed 2%. Peptide-like relative abundance was highest in the Atigun River (0.4 ± 0.4%; Fig-
ure 5; Table S2) compared to the mean among all the sites (0.1 ± 0.2%; Table 2) and has been found to be a 
minor contributor to DOM composition across the aquatic continuum (Kellerman et al., 2018). Sugar-like 
compounds were low across all sites (0.7 ± 0.3%; Figure 5; Table 2) and reached a maximum following peak 
of the freshet (1.2%; Table S2).

3.4.  Fluxes and Yields of DOC

The DOC flux ranged from 0.4 Gg yr−1 from Slate Creek to 18.2 Gg yr−1 from the Salcha River (Table 1) and 
was significantly and positively correlated with watershed area (r2 = 0.68, p < 0.05). The DOC yield, DOC 
flux normalized to catchment area, ranged from 1.4 g m−2 yr−1 in the Atigun watershed to 9.4 g m−2 yr−1 
from the Tolovana watershed (Table 1). Watershed relief and mean annual water yield were inversely relat-
ed to DOC yield (r2 = 0.69, p < 0.01; r2 = 0.80, p < 0.01, respectively). The lowest yields were observed from 
the sites with the steepest average relief and highest mean annual water yield. The DOC yields observed in 
this study were comparable to DOC fluxes and yields from similarly sized rivers and streams in the Yukon 
River Basin (Frederick et al., 2012).

Figure 4.  Mean and standard deviation of lignin phenol ratios of cinnamyl to vanillyl (C/V) and syringyl to vanillyl 
(S/V) for each site. Sites include: Salcha (dark gray square), Chena (gray circle), Tolovana (black diamond), Slate (gray 
square), Atigun (black circle), and Sagavanirktok (light gray triangle). Boundaries for plant tissue types from Spencer 
et al. (2008) include woody gymnosperm (G), nonwoody gymnosperm (g), woody angiosperm (A), and nonwoody 
angiosperm (a).
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4.  Discussion
4.1.  Seasonal Drivers of DOM Composition

Arctic rivers are characterized by strong shifts in seasonal inputs, particularly from the spring snowmelt 
(Holmes et al., 2012; Mann et al., 2016; O’Donnell et al., 2010). Discharge and DOC concentration were 
significantly positively correlated only in sites underlain by discontinuous permafrost (Salcha, Chena, and 
Tolovana Rivers: r2 = 0.41, 0.67, and 0.71, respectively, p < 0.05), highlighting a relatively linear relationship 
between Q and DOC export in these watersheds (Figures 2a–2c; Figure S1). At Slate Creek, a small water-
shed underlain by continuous permafrost, maximum DOC concentrations in 2016 preceded the freshet 
(Figure 2d; Table S2), likely due to the initial mobilization of DOM followed by dilution with surface runoff 
in this less vegetated watershed (Mann et al., 2012).

Our sampling captured the onset of the spring freshet in the Atigun and Sagavanirktok Rivers, but we did 
not sample at high resolution through peak Q, which occurred in June. In the Atigun River, DOC concentra-
tions decreased through the freshet, but this may be due to the lack of a single defined Q peak during freshet 
at the Atigun River during 2016. A decrease in DOC concentration at elevated Q in the spring could occur if 
terrestrial DOM from surface runoff was mobilized during the initial snowmelt in this largely unvegetated 
and steep watershed. DOM is subsequently diluted or the depletion of leachable source materials as evi-
denced by decreasing lignin yields throughout the snowmelt period (Figures 2e and 3e; Table 1). The peak 
in DOC concentrations prior to the freshet is consistent with previous observations on the Kolyma River, 
a large Arctic river completely underlain by continuous permafrost (Amon et al., 2012; Mann et al., 2012). 
The Sagavanirktok River did not exhibit a clear trend with DOC and Q, but, unlike the Atigun River, DOC 
concentrations did generally increase at elevated Q (Figure 2f; Table S2).

Figure 5.  Mean relative abundance and standard deviation of compound classes at each sample site. Compound classes include: highly unsaturated and 
phenolic (red), polyphenolic (orange), condensed aromatic (yellow), aliphatic (green), sugar-like (teal), and peptide-like (blue).



Journal of Geophysical Research: Biogeosciences

JOHNSTON ET AL.

10.1029/2020JG005988

14 of 20

Freshet and periods of high Q corresponded with greater terrestrial DOM contribution, assessed via SUVA254 
and Λ8 (Figures 3a–3f; Tables S2 and S3). Other optical DOM indices including S275–295, SR, and FI were cor-
related to Q at individual sites, but not across sites. Except in the Atigun, SR was negatively correlated to Q 
at all sites, indicating that the relative contribution of higher molecular weight and more aromatic DOM as-
sociated with terrestrial sources increases with Q (Amon et al., 2012; Helms et al., 2008; Kaiser et al., 2017; 
Mann et al., 2012). Similarly, FI decreased with Q in the Yukon River Basin sites, demonstrating the increase 
in aromatic DOM during high Q events (Mann et al., 2012; O’Donnell et al., 2012). In the Atigun and Saga-
vanirktok Rivers, FI is positively correlated with Q, indicating an increase in less-aromatic sources of DOM 
with increasing Q north of the tree line.

The daily water yield (Table S2), was strongly positively correlated with high O/C polyphenolic and con-
densed aromatic formulae identified via FT-ICR MS (Figure 6a). This is similar to increases in terrestrial 
DOM contribution observed in major Arctic rivers at high Q (Raymond et al., 2007; Spencer et al., 2009; 
Striegl et  al.,  2007). During low Q, when surface runoff is low and greater proportions of groundwater 
contribute to streamflow, higher relative abundances of aliphatic molecular formulae were observed, con-
current with lower DOC and lignin concentrations and lower SUVA254 values (Figures 2a–2f and 6a; Ta-
ble S2). This suggests that predicted increases in groundwater Q to these rivers as permafrost thaws (Koch 
et al., 2014; Striegl et al., 2005; Walvoord & Striegl, 2007), may be accompanied with an associated shift 
toward DOM that is less aromatic as supra-permafrost flow interacts with deeper mineral soil layers (Kaiser 
& Guggenberger, 2000) and there is enhanced contribution from sub-permafrost groundwater (Figure 6a). 
These patterns show that hydrologic shifts in the seasonality and sources of Q have direct impacts to fluvial 
DOM composition in the warming Arctic, and that along the latitudinal gradient southern sites underlain 
by discontinuous permafrost that are more vulnerable to change including earlier snowmelt, longer periods 
of active layer thawing, and associated hydrologic changes may be indicators of expected changes in more 
northern sites.

Figure 6.  Spearman correlation of molecular formulae present in at least 75% of samples with landscape and DOM parameters across all sites for (a) water 
yield, (b) active layer thickness, (c) watershed relief slope, (d) DOC concentration, (e) SUVA254, and (f) lignin concentration. All correlations shown were 
significant at p < 0.05 and molecular formulae used for correlations were present in at least 50% of all samples. Correlation statistics are reported for each 
parameter including the number of molecular formulae with significant correlations (percent of total molecular formulae assigned), the mean (μ|ρ|) and 
standard deviation (σ|ρ|) are reported for the absolute value of ρs, the Spearman rank correlation coefficient. In panel A the dashed, dashed/dot, and solid lines 
separate (from top to bottom) aliphatic, highly unsaturated and phenolic, polyphenolic, and condensed aromatic compound classes.
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4.2.  DOM Composition Across a Landscape Gradient

Catchment slope and ALT play a significant role in controlling DOM composition in Arctic rivers (Harms 
et al., 2016; Koch et al., 2013; O’Donnell et al., 2010). In this study, ALT exerts a control on DOM composi-
tion, both seasonally and at the landscape scale. Sites with deeper ALT (i.e., the Tolovana River) exhibited 
lower relative abundances of aliphatic molecular formulae compared to sites with shallower ALT (Fig-
ure 5). The maximum ALT was positively correlated with mean SUVA254 at each site (r2 = 0.96, p < 0.01) 
and with molecular formulae corresponding to polyphenolic and condensed aromatic compound classes 
(Figure 6b). This observation could be related to the warmer soil temperatures associated with deeper ALT 
and has previously been observed to be associated with increased SUVA254 (O’Donnell et al., 2016) and the 
varying landscape characteristics of these watersheds (Table 1). As the active layer deepens and tempera-
tures warm, the interaction of supra-permafrost flow with soil organic matter may increase the export of 
aromatic, terrestrial DOM (O’Donnell et al., 2016). Additionally, as sites experiencing increased ALT and 
temperatures, vegetation community composition may shift toward more woody vegetation, further alter-
ing the DOM composition (Abbott et al., 2016; Neff & Hooper, 2002; Pearson et al., 2013).

Vegetation cover (Table S1, Carey et al., 2020) was correlated to DOM composition, particularly with re-
gards to lignin biomarkers. The lowest lignin concentration was observed in the Atigun River, a mountain-
ous watershed that is 54% barren (Tables 3 and S1). Lignin phenol ratios also showed evidence of landscape 
controls, as we observed greater inputs from nonwoody angiosperm tissue to the bulk lignin pool in sites 
north of the tree line dominated by mosses and lichens (Figure 4; Table S1). This result suggests that as 
the tree line moves northward, there may be a shift in lignin composition and increase in lignin concen-
tration in more northern Arctic rivers as forest productivity changes (ACIA, 2004; Kane et al., 2005, 2006). 
In the steep, northern Atigun and Sagavanirktok watersheds with shallow ALT, the relative abundance of 
aliphatic molecular formulae was higher compared to other watersheds (Figure 5), likely a result of input 
of DOM sourced from lichens and mosses as past studies have shown these to be enriched in aliphatic 
molecular formulae upon leaching (Johnston et al., 2019). Rivers with steeper watershed relief exhibited 
higher relative abundances of DOM with lower O/C and less aromatic molecular formulae compared to 
sites with shallower watershed relief (Figure 6c). These results suggest that rivers north of the tree line that 
drain catchments containing non-vascular sources of vegetation, likely export a larger fraction of biolabile 
material, as aliphatics have been shown to be a good predictor of biolability (Spencer et al., 2015; Textor 
et al., 2019). Soil organic carbon shifts along latitudinal gradients have shown that warmer soils contain 
lower fractions of relatively biolabile DOM (Kane et al., 2005), suggesting that these DOM differences could 
in part be linked to landscape ecology. As woody vegetation expands northward, particularly increased dis-
tribution of shrubby vegetation, the ecological succession in this region with projected climate change will 
have ramifications for stream biogeochemistry including the composition of vascular plant derived DOM.

4.3.  Optical Proxies for DOC Concentration and DOM Composition

The use of CDOM as a proxy for DOC concentration and DOM composition allows the use of in situ sensors 
or remote sensing to assess DOM across broad temporal and spatial scales, respectively (Griffin et al., 2018; 
Pellerin et al., 2012; Spencer et al., 2007). In this study, a350 correlated with DOC concentration across all 
sites (r2 = 0.99, p < 0.01; Figure 7a) and scales with Q. These relationships were similar to those observed 
for streams and rivers in the Yukon River Basin by Spencer et al. (2008), with slightly higher CDOM per 
unit DOC compared to the previous relationship (Figure 7a). The similarity between the two models sug-
gests that CDOM is a robust predictor of DOC concentration in rivers from the interior to the North Slope 
of Alaska.

DOC concentration was positively correlated with the relative abundance of polyphenolic and condensed 
aromatic DOM and negatively correlated with aliphatic DOM (Figure 6d), consistent with the relationships 
between optical parameters and DOC concentration (Figures  2a–2f; Table  S2). Optical parameters were 
strongly correlated to DOM composition: SUVA254 and AImod were significantly related (r2 = 0.67, p < 0.05), 
as previously observed (Johnston et al., 2018; Kellerman et al., 2018). Molecular formulae that were signifi-
cantly associated with SUVA254 were largely aromatic (Figure 6e), further confirming the utility of SUVA254 
as a proxy for aromaticity. Additionally, during spring freshet there was an increase in the relative abun-
dance of aliphatic molecular formulae, this higher relative abundance of aliphatic formulae during freshet 
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may explain high DOC bioavailability previously observed during freshet 
(Behnke et al., 2021; Holmes et al., 2008; Textor et al., 2019; Wickland 
et al., 2012).

In addition to correlations with bulk DOM characteristics, optical param-
eters have been shown to strongly correlate with lignin phenol biomark-
ers (Benner & Kaiser, 2010; Hernes et al., 2009; Osburn & Stedmon, 2011; 
Spencer et  al.,  2009). A significant positive relationship between a350 
and Σ8 was observed across sites (r2 = 0.92, p < 0.01; Figure 7b), simi-
lar to a previously described relationship from the Yukon River (Spencer 
et al., 2008). While the link between a350 and Σ8 has been well established, 
relating lignin biomarkers to DOM molecular composition has been less 
well studied. Aromatic molecular formulae with high O/C ratios in the 
polyphenolic and condensed aromatic compound classes were positively 
correlated with Σ8 (Figure 6f), indicating that the ranges typically used 
to classify molecular formulae as terrestrially derived are indeed broad-
ly representative of terrestrial vegetation. Spearman rank correlations 
between molecular formulae and Σ8 show terrestrially derived DOM is 
associated with aromatic molecular formulae, and that as lignin concen-
trations and yields increase with Q (i.e., during freshet), aromatic DOM 
with high O/C ratios is mobilized (Figures 3a–3f and 6f). These results 
show that optical parameters are strong predictors of DOM aromaticity, 
and that molecular composition measured via FT-ICR MS is significantly 
correlated with quantitative lignin biomarker analyses.

4.4.  Landscape Controls on DOC Fluxes and Yields

The DOC yields from these sites were strongly correlated with watershed 
characteristics, such as basin slope (r2 = 0.69, p < 0.05), consistent with 
previous studies (Connolly et al., 2018; Mutschlecner et al., 2018). The 
sites underlain by continuous permafrost had shallower maximum ALT 
and lower DOC yields compared to sites with higher DOC yields that 
were underlain by discontinuous permafrost (r2 = 0.37, p < 0.05). These 
observations are consistent with yields observed by Frederick et al. (2012) 
where Arctic basins with shallower ALT had lower DOC yields. Water-
shed DOC yield was negatively correlated with the mean annual water 
yield (r2 = 0.80, p < 0.05; Table 1) indicating that watersheds with lower 
water yields exported more DOC per km2. Sites that had lower contribu-
tion of terrestrial DOM based on the relative abundance of condensed ar-
omatic and polyphenolic molecular formulae and Σ8 also exhibited lower 
DOC yield. If groundwater discharge increases with permafrost thaw, the 
DOC yield from these sites may remain low, with the caveat that deeper 
ALT can also increase the contribution of supra-permafrost groundwa-
ter, thus changing DOC yields dependent on the variable OC content of 
deeper soil horizons (Connolly et al., 2020; O’Donnell et al., 2012; Striegl 
et al., 2005).

4.5.  Implications for Northern High-Latitude Streams and Rivers

Across the six rivers in Alaska we observed the impact of seasonality, permafrost cover, and landscape char-
acteristics on DOM composition and DOC yields. The shallower active layer observed in the more northern 
sites (Atigun and Sagavanirktok) were accompanied by lower DOC concentrations and yields (Table 1), 
with DOM associated with autochthonous or non-vascular plant production rather than allochthonous, 
vascular plant sources (Figures 5 and 6d). Across the landscape, the sites with shallower watershed relief 
and deeper active layer were correlated with indicators of more aromatic DOM (Figures 6b and 6c). We 

Figure 7.  Relationship between a350 and (a) DOC concentration (black 
dots, solid line) and (b) lignin concentration (black dots, solid line) 
compared to the previously established Yukon River Basin relationships 
(dashed line) from Spencer et al. (2008).
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suggest that as temperatures warm, vegetation changes, and the active layer deepens, there will be associ-
ated shifts in DOM exported by rivers. Particularly in regions with high soil organic carbon content, DOM 
may shift toward greater export of terrestrial DOM consistent with higher fluxes of water soluble organic 
carbon from soils (Kane et al., 2006). However, the increase in groundwater contribution when water yield 
is low may also contribute more to shifts in DOM composition that are associated with less aromatic DOM 
(Figures  6a and  6b) exerting a seasonal and hydrologic control on DOM composition. As temperatures 
warm across the Arctic and boreal regions, vegetation shifts are projected, including the northward pro-
gression of the treeline, concurrent with the deepening of the active layer (Jorgenson et al., 2013; Neff & 
Hooper, 2002; Pearson et al., 2013) and warmer soils which can influence soil organic matter composition 
(Chen et al., 2018). Our data indicate that such shifts will lead to increased DOC flux and changes in DOM 
composition, particularly during the freshet when we observe higher SUVA254, lignin phenol concentrations 
and yields, and increased relative abundances of polyphenolic molecular formulae. Meanwhile, during 
low flow conditions through the remainder of the ice-free season when sub-permafrost groundwater has a 
greater contribution to streamflow, DOM may shift toward less aromatic DOM composition as permafrost 
thaw deepens the active layer and warmer soil temperatures increase the interaction of groundwater flow 
with mineral soil layers. These results highlight the complexities of delineating the numerous impacts of 
climate change as this region experiences concurrent shifting vegetation, permafrost thaw, and changing 
riverine discharge.

Data Availability Statement
All data presented in this manuscript are available in the tables and Supporting Information S1 and are 
available through Open Science Framework (DOI: 10.17605/OSF.IO/DWG9K).
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