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Abstract Arctic amplification is leading to increased terrestrial organic carbon (terrOC) mobilization with
downstream impacts on riverine and marine biogeochemistry. To improve quantification and characterization of
terrOC discharged to the Arctic Ocean, Yukon River delta samples were collected during three stages of the
annual hydrograph (ascending limb/peak freshet, descending limb, late summer) and across a land‐to‐ocean
salinity gradient (0.08–29.06 ppt). All samples were analyzed for dissolved organic carbon (DOC)
concentration and lignin phenols to determine seasonal variability in riverine terrOC and salinity‐induced
transformation of highly aromatic terrestrial compounds. Additionally, the relationship between lignin and
absorbance at 350 and 412 nm was assessed to determine the feasibility of using optical proxies for accurate
quantification, both seasonally and across expansive salinity gradients. Lignin phenols were highest during the
ascending limb/peak freshet (0.58–0.97 mg/100 mg OC) when riverine DOC was dominated by young vascular
plant sources, whereas lignin phenols were lower (0.15–0.89 mg/100 mg OC) and riverine DOC more variable
in terrestrial source and diagenetic state during the descending limb and late summer. Across the sampled
salinity gradient, there was disproportionate depletion of lignin (up to 73%) compared to DOC (up to 22%).
Finally, while optical proxies can be used to quantify lignin within seasonal or spatial contexts, increased
uncertainty is likely when expanding linear correlations across Arctic land‐ocean continuums. Overall, results
indicate seasonal, spatial, interannual, and climatic controls that are amplified during high‐flow conditions and
important to constrain when investigating Arctic terrOC cycling and land‐ocean DOC flux.

Plain Language Summary The Arctic is experiencing an amplified warming phenomenon that is
driving a variety of landscape changes. Through these landscape transformations, large amounts of organic
carbon can be transported to nearby rivers. However, the fate and transport of organic carbon along Arctic land‐
ocean continuums is largely unknown, primarily due to simultaneous complex processes that occur in deltas and
coastal zones. To improve the quantification of landscape‐derived dissolved organic carbon (DOC) transported
from the land to the Arctic Ocean, surface water samples were collected throughout the Yukon River delta
(Alaska, USA) during three distinct seasons and across a land‐ocean salinity gradient extending from freshwater
to high‐salinity water. To measure riverine organic carbon coming from the landscape, we analyzed all samples
for DOC and an environmental biomarker that is specific to terrestrial sources (lignin phenols). Lignin
concentrations and compositions were used to determine seasonal differences in the magnitude and type of
terrestrial inputs, as well as coastal processing of organic carbon. Results show spatial and seasonal differences
in DOC concentration and composition within the Yukon River delta and coastal zone that highlight the
complexity of carbon cycling in Arctic regions.

1. Introduction
The Arctic is warming two to four times faster than the rest of the globe, leading to pronounced landscape changes
and the potential for widespread effects on local riverine and marine biogeochemistry (e.g., Meredith et al., 2019;
Rantanen et al., 2022; Schuur et al., 2015). This amplified climate warming phenomenon is driving a variety of
Arctic processes (Box et al., 2019) including permafrost thaw, coastal erosion, shifting hydrologic flows,
increased precipitation (Rapaic et al., 2015; Rawlins et al., 2010), intensifying riverine discharge (e.g., Haine
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et al., 2015; Holmes et al., 2015; Rawlins et al., 2010) and changes to land cover (Bhatt et al., 2017)—all of which
are expected to influence the concentration and composition of terrestrial organic carbon (terrOC) transported
along Arctic land‐ocean continuums. The majority of terrOC is exported from Arctic watersheds as dissolved
organic carbon (DOC) (e.g., Holmes et al., 2012; McClelland et al., 2016; Spencer et al., 2015), which, depending
on the composition and associated reactivity, influences microbial networks and light‐absorbing properties.
Biolabile forms of DOC (e.g., aliphatics, carbohydrates) are microbially respired and can be released as CO2

(Polimene et al., 2022; Spencer et al., 2015; Vonk et al., 2013), whereas chromophoric DOC (e.g., aromatics)
absorbs solar radiation (Chang & Dickey, 2004; Pegau, 2002) and attenuates sunlight needed for photo-
degradation of stable DOC (Grunert et al., 2021; Ward et al., 2017) and phytoplankton primary production (Clark
et al., 2022). While previous studies have estimated Arctic land‐ocean DOC flux based on riverine measurements
taken above the heads of tides (e.g., Holmes et al., 2012; Raymond et al., 2007; Spencer et al., 2009), there are still
several uncharacterized regions that can significantly impact biogeochemical inputs and cycling at the land‐ocean
interface such as large river deltas and river plumes. Thus, there is a dearth of knowledge surrounding the deltaic
and coastal transformation of terrOC that ultimately limits accurate quantification of terrOC that enters the Arctic
Ocean under current and future warming scenarios.

The Yukon River hosts one of the largest deltas in the world and is capable of transforming terrOC across this vast
land‐ocean continuum through chemical overprinting (Eckard et al., 2007, 2020), photodegradation (Grunert
et al., 2021), microbial processing (Clark & Mannino, 2021), and salinity‐induced flocculation (Asmala
et al., 2014; Sholkovitz, 1976). Based on these simultaneous and distinct transformation processes, there is ex-
pected spatial heterogeneity in the composition of terrOC measured across the Yukon River delta and plume
compared to upstream riverine samples. Previous studies have focused on characterizing sites at, or upstream of,
the USGS gaging site at Pilot Station (located ∼200 km from the Yukon River mouth), investigating seasonal and
spatial variability in upstream riverine composition (Aiken et al., 2014; Spencer et al., 2008, 2009) compared to
other major Arctic rivers (Amon et al., 2012; Mann et al., 2016). While this data and historical information is
beneficial in informing our understanding of upstream processes and biogeochemical seasonality of the Yukon
River, it is clear that there needs to be further characterization of terrOC downstream and into the coastal zone if
we are to understand Arctic terrOC cycling and land‐ocean DOC flux.

Variability in terrOC composition can be elucidated through the quantification of lignin phenols, a biogeo-
chemical tracer and environmental biomarker. In terrestrial‐dominant systems like the Yukon (Raymond
et al., 2007; Striegl et al., 2005), DOC and chromophoric dissolved organic matter (CDOM) can be used to
investigate terrOC cycling within the river system, but there are limitations when extending measurements into
coastal zones. In these relatively uncharacterized regions, particularly in the Arctic, there may be in situ pro-
duction of optically‐active marine carbon that is indistinguishable from terrestrial sources when using bulk
organic carbon measurements (Chen et al., 2002, 2004)—necessitating the use of terrestrial‐specific biomarkers
to understand terrOC transport and transformation across Arctic land‐ocean continuums. Dissolved lignin phenols
are optically active compounds that originate from vascular plants but are prominent in environmental systems
due to their stability over shorter environmentally‐relevant timescales (Opsahl & Benner, 1997), allowing them to
be unambiguous indicators of terrestrial influence (Hedges & Mann, 1979). Compared to other terrestrial tracers,
such as cutin or use of stable isotopes, lignin offers greater analytical utility due to lower rates of reactivity and
species‐specific composition in all vascular plant types (Cloern et al., 2002; Opsahl & Benner, 1995). Given that
ubiquity, and molecular‐level source variability, separating lignin into distinct chemical groups (p‐hydroxy,
cinnamyl, syringyl, and vanillyl phenols; and acid, aldehyde, and ketone compounds) can indicate terrOC sources
and diagenetic state, which further informs our understanding of riverine composition and its control on fate and
transport processes.

In this study, we characterized dissolved lignin phenols throughout the Yukon River delta during three stages of
the annual hydrograph to determine seasonal variability in terrOC composition. Additionally, we quantified
dissolved lignin phenols across an expansive salinity gradient (n = 17) extending from freshwater (0.08 ppt) to
high salinity marine (29.06 ppt) waters to evaluate terrOC transformation within the Yukon River plume during
the ascending limb/peak freshet. Lignin and DOC concentrations were compared to conservative mixing to
investigate whether the aromatic nature of dissolved lignin resulted in mixing behavior that deviated from the
DOC pool. Finally, we compared lignin concentration to absorbance at 350 nm (a350) and 412 nm (a412) to
evaluate whether established linear relationships permit the use of optical proxies for quantification of complex
chemical compounds along Arctic land‐ocean continuums. We hypothesize that rapid water transport during the
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ascending limb/peak freshet results in a narrow range of lignin concentrations and compositions across the
spatially heterogeneous Yukon River delta, but that high lignin concentrations and associated aromaticity during
this stage of the hydrograph drive preferential loss of lignin when compared to the estuarine mixing behavior of
the bulk DOC pool.

2. Materials and Methods
2.1. Study Location

The 0.83 million km2 Yukon River watershed (Figure 1a) lies within British Columbia, the Canadian Yukon
territory, and Alaska. The majority of the watershed is underlain by permafrost, 23% of which is classified as
continuous. Vegetation types within the Yukon River Basin include white (Picea glauca) and black spruce (Picea
mariana), quaking aspen (Populus tremuloides), paper birch (Betula papyrifera), shrubs, and moss hummocks
(O’Donnell et al., 2010). Approximate land cover classifications vary between studies but have been reported as
20% shrubland, 40% grassland, 20% forest, and 8% open water and wetlands (Amon et al., 2012). The Yukon
River is the third‐longest river in the Arctic (3,190 km), and the fifth‐largest by annual discharge (208 km3/year).
The river delta is located in western Alaska and is distinguished by three major river branches (North, Middle, and
South/Main) and two minor river branches (Alakanuk and Emmonak). All Yukon River mouths discharge into the
Bering Sea, then flow into the Arctic Ocean through the Bering Strait to the north.

The Yukon River delta was sampled during three distinct stages of the annual hydrograph in 2018 and 2019
(Figure S1 in Supporting Information S1), encompassing peak discharge and low‐flow conditions: the ascending
limb through the peak of the spring freshet, descending limb of the spring freshet, and late summer (Table S1 in
Supporting Information S1, Figure 1b). Delta sampling was restricted to tidally influenced freshwater sites that
were at, or upstream of, the major and minor river mouths. Weather and time limitations prevented comprehensive
delta sampling across all three stages of the hydrograph, but the Alakanuk and Emmonak river mouths were
sampled at all three stages (referred to as “Core riverine” sites, Table S1 in Supporting Information S1) and are
isolated to constrain seasonal variation in riverine terrOC concentration and composition (n = 2 freshwater sites
during the ascending limb/peak freshet and descending limb, n = 3 during the late summer). Additional, spatially
variable, delta sites were sampled across the three stages of the hydrograph (referred to as “Additional riverine”
sites, Table S1 in Supporting Information S1) and are used to assess spatial and seasonal variability measured

Figure 1. Map of the Yukon River watershed (area outlined by the thin black line) in relation to the Pan‐Arctic watershed (area above the thick black line) and the Yukon
River land‐ocean region sampled in this study (area enclosed in the thick black square) (a; basemap originally published in Kellerman et al. (2023)). The enclosed region
is magnified, and sampling locations are noted (b) with a similar color scheme as used in Kellerman et al. (2023). The Yukon land‐ocean continuum was sampled during
three stages of the hydrograph in 2018–2019: the ascending limb/peak freshet (red filled triangles), the descending limb of freshet (yellow filled inverted triangles), and
the late summer (light‐blue filled diamonds), including marine samples (salinity > 25 ppt) collected during the ascending limb/peak freshet (dark‐blue filled squares)
and core riverine samples that were collected during all three stages of the hydrograph (gray filled stars). The villages at Nome and Pilot Station are marked by black
filled circles.
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within (n = 3 freshwater sites during the ascending limb/peak freshet, n = 5 freshwater sites during the
descending limb, n = 4 freshwater sites during the late summer).

During the ascending limb/peak freshet, there was also sampling along two spatially distinct salinity transects
(n = 11) in the river plume and into marine waters (salinity >25 ppt) of Norton Sound (n = 5, Figure 1b). While a
subset of river plume and marine samples were collected post‐peak freshet outflow measured at Pilot Station
(Y23‐33 in Table S1 of Supporting Information S1), they are representative of terrestrial material transported by
the Yukon River during ascending limb/peak freshet conditions based on model‐estimated transport times to the
mouth of the South/Main river branch (∼3 days) and Norton Sound (∼21 days) (Clark et al., 2022). No salinity
transects were sampled during the descending limb due to weather conditions. One salinity transect was sampled
during the late summer (n = 5, Y4–8 in Table 1), as discussed in Novak et al. (2022) and Kellerman et al. (2023),
but the samples were not analyzed for lignin due to volume limitations and are therefore not discussed further in
this text.

2.2. Sample Collection

Surface water was filtered from the top 10 cm of the water column using a peristaltic pump, acid‐washed silicone
tubing, and 0.45 μm Geotech dispos‐a‐filter Versapor® filter capsules. Filter capsules were rinsed with sample
water before sample collection. Samples for lignin analysis were collected in acid‐washed and sample‐rinsed
polycarbonate or high‐density polyethylene (HDPE) bottles and stored frozen (<0°C) in the dark until analysis
at Texas A&M University at Galveston. Samples for DOC analysis were collected in acid‐washed and sample‐
rinsed polycarbonate or HDPE bottles and stored frozen (<0°C) in the dark until analysis at Florida State Uni-
versity or NASA Goddard Space Flight Center (GSFC) as described in Kellerman et al. (2023) and Novak
et al. (2022). Samples for CDOM analysis were collected in pre‐combusted amber glass vials and stored cold
(∼4°C) in the dark until analysis at NASA GSFC as described in Novak et al. (2022). Suspended particulate
matter (SPM) was measured by filtering a homogenized volume of sample onto pre‐weighed and pre‐combusted
glass fiber filters. Filters were dried, reweighed, and SPM was calculated by weight difference as described in
Kellerman et al. (2023) and Novak et al. (2022). Salinity was measured in situ at the time of sample collection
using a Seabird SBE25.

2.3. Lignin Phenols Analysis

Samples were thawed to room temperature and preparation volumes were calculated to allow for 30 μg DOC in
the chemical oxidation. Aliquots of freshwater and low salinity samples (≤5 ppt) were transferred to pre‐
combusted glass centrifuge tubes and concentrated using heated vacuum centrifugation. Aliquots of mid‐to‐
high salinity samples (>5 ppt) were acidified to pH 2 using 6 M sulfuric acid (H2SO4), passed through 1 g
C18 solid‐phase extraction (SPE) cartridges using a closed‐loop Dionex Autotrace 280 SPE instrument, and
eluted with LC‐MS grade methanol (Yan & Kaiser, 2018b). Sample extracts were concentrated under argon gas
before analysis.

Concentrated samples and sample extracts were redissolved in argon‐sparged 1.1 M sodium hydroxide (NaOH)
and transferred to Teflon reaction vials for copper sulfate (CuSO4) oxidation (2 hr at 150°C) (Yan & Kai-
ser, 2018a, 2018b). Oxidized samples were immediately spiked with 13C‐labeled internal standards, acidified to
pH 2 with 6 M H2SO4, and purified using 30 mg hydrophilic‐lipophilic balanced SPE cartridges. Lignin phenols
in purified samples were detected using ultra‐high performance liquid chromatography coupled to mass spec-
trometry (UHPLC‐MS) with electrospray‐ionization (ESI). The mass spectrometer was operated using dynamic
Multiple Reaction Monitoring with alternating positive and negative modes. Samples were quantified against a
five‐point standard calibration curve ranging from 0 to 7 μM for each compound of interest.

2.4. Conservative Mixing Calculations

Conservative mixing was modeled for DOC and lignin at the Yukon River land‐ocean interface during the
ascending limb/peak freshet. During this period, conservative mixing is shown as a salinity‐dependent linear
regression between 0.08 ppt (South/Main mouth) to 29.06 ppt (most saline marine sample). For each sample, the
percent error was calculated between the (expected) linear conservative mixing estimate and (actual) measured
DOC or lignin concentration.
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Table 1
Bulk Physical, Chemical, and Optical Properties Across the Yukon River Land‐Ocean Continuum

Station
Date

collected Hydrograph stage Sample category
Salinity

(ppt)
SPM

(mg/L)
DOC

(mg/L)
Σ6

(μg/L)
Σ8

(μg/L)
Λ6 (mg/

100 mg OC)
Λ8 (mg/

100 mg OC)
a350

(m−1)
a412

(m−1)

Y1 27 August
2018

Late summer Core riverine 0.14 572.8 3.22 4.27 4.80 0.13 0.15 4.90 1.51

Y2 28 August
2018

Late summer Additional riverine 0.14 436.4 3.51 4.80 5.44 0.14 0.15 5.38 1.70

Y3 28 August
2018

Late summer Additional riverine 0.14 373.8 3.56 6.75 7.48 0.19 0.21 6.18 1.97

Y4 29 August
2018

Late summer Estuary 14.46 21.8 2.39 n.d. n.d. n.d. n.d. 3.07 1.05

Y5 29 August
2018

Late summer Estuary 22.04 15.2 1.85 n.d. n.d. n.d. n.d. 1.87 0.63

Y6 30 August
2018

Late summer Estuary 6.24 119.7 2.92 n.d. n.d. n.d. n.d. 4.27 1.42

Y7 30 August
2018

Late summer Estuary 2.69 353.1 3.34 n.d. n.d. n.d. n.d. 4.53 1.46

Y8 30 August
2018

Late summer Estuary 0.78 343.9 3.61 n.d. n.d. n.d. n.d. 5.20 1.66

Y9 31 August
2018

Late summer Core riverine 0.13 459.4 4.92 8.00 8.79 0.16 0.18 7.83 2.57

Y10 31 August
2018

Late summer Core riverine 0.13 422.5 4.85 15.15 21.41 0.31 0.44 7.82 2.49

Y11 31 August
2018

Late summer Additional riverine 0.13 461.7 4.78 7.34 8.20 0.15 0.17 7.86 2.50

Y12 31 August
2018

Late summer Additional riverine 0.13 388.5 4.63 9.03 10.08 0.19 0.22 7.82 2.49

Y13 30 May
2019

Ascending limb/peak Estuary 15.13 n.d. 5.34 11.83 12.13 0.22 0.23 8.87 3.19

Y14 30 May
2019

Ascending limb/peak Estuary 13.24 n.d. 6.23 28.24 30.29 0.45 0.49 11.02 3.98

Y15 30 May
2019

Ascending limb/peak Estuary 3.90 n.d. 9.52 73.48 76.82 0.77 0.81 19.48 7.21

Y16 30 May
2019

Ascending limb/peak Estuary 5.10 n.d. 8.02 33.55 36.22 0.42 0.45 17.59 6.46

Y17 30 May
2019

Ascending limb/peak Estuary 1.60 n.d. 10.76 78.84 82.44 0.73 0.77 21.13 7.86

Y18 31 May
2019

Ascending limb/peak Additional riverine 0.08 n.d. 9.88 89.02 95.46 0.90 0.97 24.54 9.29

Y19 31 May
2019

Ascending limb/peak Additional riverine 0.08 n.d. 11.94 65.09 68.67 0.55 0.58 22.24 8.21

Y20 1 June
2019

Ascending limb/peak Core riverine 0.08 n.d. 11.34 77.33 81.36 0.68 0.72 21.75 8.02

Y21 1 June
2019

Ascending limb/peak Core riverine 0.08 n.d. 10.19 81.95 86.20 0.80 0.85 21.51 7.91

Y22 2 June
2019

Ascending limb/peak Additional riverine 0.08 n.d. 11.60 70.71 75.11 0.61 0.65 21.02 7.65

Y23 9 June
2019

Ascending limb/peak Marine 29.06 2.1 1.28 0.37 0.40 0.03 0.03 0.66 0.27

Y24 10 June
2019

Ascending limb/peak Marine 28.09 n.d. 1.44 1.06 1.09 0.07 0.08 0.76 0.25
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3. Results and Discussion
3.1. Seasonality of Riverine Physical and Chemical Signature

To evaluate seasonal and spatial variability in terrOC composition within the Yukon River delta, we quantified
lignin phenols and compound class ratios (Table S2 in Supporting Information S1) for samples collected across
the entire delta (“Core riverine” and “Additional riverine” in Tables 1 and 2) during three stages of the annual
hydrograph: ascending limb/peak freshet (n = 5), descending limb (n = 7), and late summer (n = 7; Tables 1 and
2). Seasonal transitions were captured at the Emmonak and Alakanuk stations (“Core riverine” in Tables 1 and 2),
both sampled during all three stages of the annual hydrograph. DOC concentration and the carbon‐normalized
sum of eight syringyl, vanillyl, and cinnamyl phenols (Λ8) were positively correlated to riverine discharge,
with the highest concentrations measured during the ascending limb/peak freshet and the lowest concentrations
measured during the late summer (Figures 2a and 2b). During the ascending limb/peak freshet, lignin compound
class ratios included low p‐hydroxy‐to‐vanillyl phenol ratios (P:V, Figure 2c), low syringyl‐to‐vanillyl phenol

Table 1
Continued

Station
Date

collected Hydrograph stage Sample category
Salinity

(ppt)
SPM

(mg/L)
DOC

(mg/L)
Σ6

(μg/L)
Σ8

(μg/L)
Λ6 (mg/

100 mg OC)
Λ8 (mg/

100 mg OC)
a350

(m−1)
a412

(m−1)

Y25 10 June
2019

Ascending limb/peak Estuary 2.51 63.6 8.39 44.06 46.40 0.53 0.55 17.26 6.58

Y26 10 June
2019

Ascending limb/peak Estuary 0.30 n.d. 9.35 47.78 50.64 0.51 0.54 17.79 6.38

Y27 10 June
2019

Ascending limb/peak Estuary 3.70 45.8 9.17 37.53 39.54 0.41 0.43 17.45 6.41

Y28 11 June
2019

Ascending limb/peak Estuary 0.24 91.0 9.31 60.02 63.26 0.64 0.68 17.70 6.35

Y29 11 June
2019

Ascending limb/peak Estuary 5.10 39.0 8.92 52.16 55.89 0.58 0.63 16.34 5.93

Y30 11 June
2019

Ascending limb/peak Estuary 7.61 16.0 8.39 14.01 14.50 0.17 0.17 14.92 5.44

Y31 11 June
2019

Ascending limb/peak Marine 26.99 1.8 1.91 2.15 2.28 0.11 0.12 1.68 0.58

Y32 11 June
2019

Ascending limb/peak Marine 28.34 2.0 1.50 0.93 1.02 0.06 0.07 1.03 0.36

Y33 11 June
2019

Ascending limb/peak Marine 28.50 2.7 1.39 0.34 0.36 0.02 0.03 0.64 0.22

Y34 26 June
2019

Descending limb Additional riverine 0.11 58.0 6.64 31.19 34.79 0.47 0.52 16.81 6.06

Y35 26 June
2019

Descending limb Additional riverine 0.11 91.3 6.41 41.31 46.08 0.64 0.72 13.52 4.69

Y36 27 June
2019

Descending limb Additional riverine 0.11 81.4 6.38 23.88 26.61 0.37 0.42 13.96 4.87

Y37 27 June
2019

Descending limb Core riverine 0.11 135.9 6.33 45.15 56.43 0.71 0.89 13.32 4.63

Y38 28 June
2019

Descending limb Core riverine 0.11 123.0 6.24 20.23 22.33 0.32 0.36 14.38 5.07

Y39 28 June
2019

Descending limb Additional riverine 0.11 73.3 6.32 19.13 21.31 0.30 0.34 13.90 4.86

Y40 29 June
2019

Descending limb Additional riverine 0.11 81.3 6.22 25.54 27.99 0.41 0.45 13.12 4.71

Note. Sample numbering scheme replicated from Kellerman et al. (2023). Salinity (from Kellerman et al. (2023)); SPM: suspended particulate matter (from Kellerman
et al. (2023)); DOC: dissolved organic carbon (from Kellerman et al. (2023)); Σ6: sum of six vanillyl and syringyl phenols; Σ8: sum of eight vanillyl, syringyl, and
cinnamyl phenols; Λ6: sum of six lignin phenols normalized to DOC concentration; Λ8: sum of eight lignin phenols normalized to DOC concentration; a350: absorbance
at 350 nm (from Kellerman et al. (2023)); a412: absorbance at 412 nm; n.d.: no data available.
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Table 2
Source‐Specific Lignin Composition Across the Yukon River Land‐Ocean Continuum

Station Date collected Hydrograph stage Sample category ΛV (mg/100 mg OC) P:V C:V S:V Pn:P Ad:AlV Ad:AlS

Y1 27 August 2018 Late summer Core riverine 0.10 2.12 0.17 0.36 0.28 0.71 0.38

Y2 28 August 2018 Late summer Additional riverine 0.09 1.85 0.20 0.47 0.30 0.74 0.58

Y3 28 August 2018 Late summer Additional riverine 0.14 1.32 0.14 0.34 0.31 0.75 0.65

Y4 29 August 2018 Late summer Estuary n.d. n.d. n.d. n.d. n.d. n.d. n.d.

Y5 29 August 2018 Late summer Estuary n.d. n.d. n.d. n.d. n.d. n.d. n.d.

Y6 30 August 2018 Late summer Estuary n.d. n.d. n.d. n.d. n.d. n.d. n.d.

Y7 30 August 2018 Late summer Estuary n.d. n.d. n.d. n.d. n.d. n.d. n.d.

Y8 30 August 2018 Late summer Estuary n.d. n.d. n.d. n.d. n.d. n.d. n.d.

Y9 31 August 2018 Late summer Core riverine 0.13 1.92 0.12 0.25 0.25 0.79 0.19

Y10 31 August 2018 Late summer Core riverine 0.20 1.84 0.65 0.57 0.21 0.50 0.20

Y11 31 August 2018 Late summer Additional riverine 0.11 1.81 0.16 0.38 0.30 0.77 0.50

Y12 31 August 2018 Late summer Additional riverine 0.14 1.76 0.16 0.34 0.27 0.69 0.39

Y13 30 May 2019 Ascending limb/peak Estuary 0.16 0.63 0.04 0.37 0.27 0.89 0.76

Y14 30 May 2019 Ascending limb/peak Estuary 0.31 0.68 0.10 0.44 0.25 1.01 0.69

Y15 30 May 2019 Ascending limb/peak Estuary 0.59 0.37 0.06 0.30 0.40 0.65 0.53

Y16 30 May 2019 Ascending limb/peak Estuary 0.28 0.44 0.12 0.48 0.29 1.03 0.68

Y17 30 May 2019 Ascending limb/peak Estuary 0.54 0.63 0.06 0.35 0.27 0.95 0.70

Y18 31 May 2019 Ascending limb/peak Additional riverine 0.64 0.60 0.10 0.40 0.45 0.68 0.48

Y19 31 May 2019 Ascending limb/peak Additional riverine 0.42 0.57 0.07 0.30 0.23 0.82 0.41

Y20 1 June 2019 Ascending limb/peak Core riverine 0.53 0.58 0.07 0.30 0.26 0.72 0.48

Y21 1 June 2019 Ascending limb/peak Core riverine 0.61 0.40 0.07 0.32 0.36 0.74 0.49

Y22 2 June 2019 Ascending limb/peak Additional riverine 0.46 0.61 0.08 0.32 0.24 0.73 0.61

Y23 9 June 2019 Ascending limb/peak Marine 0.02 1.36 0.13 0.43 0.32 1.15 0.63

Y24 10 June 2019 Ascending limb/peak Marine 0.06 0.49 0.04 0.32 0.28 1.33 0.71

Y25 10 June 2019 Ascending limb/peak Estuary 0.38 0.48 0.07 0.38 0.35 0.76 0.41

Y26 10 June 2019 Ascending limb/peak Estuary 0.38 0.69 0.08 0.33 0.23 0.76 0.38

Y27 10 June 2019 Ascending limb/peak Estuary 0.32 0.42 0.07 0.29 0.38 0.76 0.38

Y28 11 June 2019 Ascending limb/peak Estuary 0.49 0.50 0.07 0.32 0.38 0.59 0.52

Y29 11 June 2019 Ascending limb/peak Estuary 0.39 0.56 0.11 0.49 0.33 0.82 0.61

Y30 11 June 2019 Ascending limb/peak Estuary 0.13 0.73 0.05 0.30 0.13 1.77 0.85

Y31 11 June 2019 Ascending limb/peak Marine 0.09 0.60 0.08 0.29 0.36 0.97 0.68

Y32 11 June 2019 Ascending limb/peak Marine 0.05 1.09 0.12 0.31 0.38 1.12 0.67

Y33 11 June 2019 Ascending limb/peak Marine 0.02 1.85 0.08 0.33 0.37 1.16 0.48

Y34 26 June 2019 Descending limb Additional riverine 0.31 1.07 0.18 0.51 0.47 0.55 0.48

Y35 26 June 2019 Descending limb Additional riverine 0.43 0.72 0.17 0.48 0.46 0.41 0.41

Y36 27 June 2019 Descending limb Additional riverine 0.26 1.31 0.16 0.42 0.27 0.93 0.41

Y37 27 June 2019 Descending limb Core riverine 0.40 0.99 0.45 0.80 0.21 0.45 0.26

Y38 28 June 2019 Descending limb Core riverine 0.22 1.29 0.15 0.49 0.31 0.74 0.53

Y39 28 June 2019 Descending limb Additional riverine 0.21 1.37 0.17 0.46 0.29 0.70 0.50

Y40 29 June 2019 Descending limb Additional riverine 0.29 1.42 0.13 0.39 0.30 0.55 0.42

Note. Sample numbering scheme replicated from Kellerman et al. (2023). ΛV: vanillyl phenols normalized to DOC concentration; P:V: ratio of p‐hyroxy‐to‐vanillyl
phenols; C:V: ratio of cinnamyl‐to‐vanillyl phenols; S:V: ratio of syringyl‐to‐vanillyl phenols; Pn:P: ratio of p‐hydroxyacetophenone‐to‐total p‐hydroxy phenols; Ad:
AlV: ratio of acid‐to‐aldehyde vanillyl phenols; Ad:AlS: ratio of acid‐to‐aldehyde syringyl phenols; n.d.: no data available.
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ratios (S:V, Figure 3d), low cinnamyl‐to‐vanillyl phenol ratios (C:V, Figure 3c), high carbon‐normalized vanillyl
phenol yields (high ΛV, Figure 3a), and a narrow range of vanillyl acid‐to‐aldehyde ratios (Ad:AlV, Figure 2d).
During the descending limb and late summer, compared to the ascending limb, lignin compound class ratios
included continually increasing P:V (Figure 2c), higher and more spatially‐variable C:V and S:V (Figures 3c and
3d), continually decreasing ΛV (Figure 3a), and more spatially‐variable Ad:AlV (Figure 2d). These results suggest
that riverine DOC is dominated by young vascular plant sources primarily comprised of woody tissues and
gymnosperm plant types during the ascending limb/peak freshet but is more spatially variable in terrestrial source
contributions and diagenetic state during the descending limb and late summer.

3.1.1. DOC and Lignin Concentration

DOC and lignin concentrations were highest during the ascending limb/peak freshet and lowest during the late
summer (Table 1, Figure 2). Riverine DOC concentration at the seasonally sampled (“Core riverine” in Table 1)
sites ranged from 10.19−11.34 mg/L during the ascending limb/peak freshet, 6.24–6.33 mg/L during the
descending limb, and 3.22–4.92 mg/L during the late summer, whereas DOC across the entire delta (“Core
riverine” and “Additional riverine” in Table 1) ranged from 9.88–11.94, 6.22–6.64, and 3.22–4.92 mg/L during
the same sampling events (Figure 2a). To quantify the relative terrestrial contribution to the DOC pool, Λ8 was
calculated and seasonally intercompared. Λ8 at the seasonally sampled (“Core riverine” in Table 1) sites ranged
from 0.72−0.85 mg/100 mg OC during the ascending limb/peak freshet, 0.36–0.89 mg/100 mg OC during the
descending limb, and 0.15–0.44 mg/100 mg OC during the late summer (Figure 2b), whereas Λ8 across the entire
delta (“Core riverine” and “Additional riverine” in Table 1) ranged from 0.58–0.97, 0.34–0.89, and 0.15–
0.44 mg/100 mg OC during the same sampling events (Figure 2b). Based on results from “Core riverine” sites, we

Figure 2. Dissolved organic carbon (a), the carbon‐normalized sum of eight lignin phenols (Λ8) (b), the ratio of p‐hydroxy‐to‐vanillyl phenols (P:V) (c), and the ratio of
acid‐to‐aldehyde vanillyl phenols (Ad:AlV) (d) measured at freshwater Yukon delta sites during three stages of the hydrograph. Seasonal changes (box‐and‐whisker
plots) are shown for the core riverine sites (Alakanuk and Emmonak channel mouths, gray filled stars) sampled during each stage of the hydrograph. Results from
additional, spatially variable delta samples (excluding the core riverine sites) collected during the ascending limb/peak freshet (red filled stars), descending limb (yellow
filled inverted triangles), and late summer (light‐blue filled diamonds) are also shown.
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generally observed higher terrestrial contribution to the DOC pool during the ascending limb/peak freshet with
continual decreases into the descending limb and late summer. This seasonal trend follows that previously
observed across the hydrograph at Pilot Station (Mann et al., 2016; Spencer et al., 2008), suggesting that seasonal
variability in terrestrial DOC is positively correlated to riverine discharge (Q) (Raymond et al., 2007; Spencer
et al., 2008).

Spatially variable delta samples (“Core riverine” and “Additional riverine” in Table 1) follow the same discharge‐
correlated trend but cannot be attributed to seasonal factors alone. Results from the descending limb and late
summer include sites upstream of the river mouths, where most of the ascending limb/peak freshet sampling was
focused, suggesting that the increased terrestrial influence during the ascending limb/peak freshet may also be
driven by deltaic inputs (e.g., localized runoff from surface soil and litter layers, tributary inputs, riverbank
erosion). Deltaic inputs during the ascending limb/peak freshet can be further investigated through the com-
parison of 2019 ascending limb measurements (Q = 17,188–17,726 m3/s; The Arctic Great Rivers Observa-
tory, 2024) to 2009 ascending limb measurements taken ∼200 km upstream at Pilot Station (Q = 10,874 m3/s;
Mann et al., 2016), which corresponded to the largest deviation in Λ8 across the sampled hydrograph. Since Λ8 is a
function of lignin and DOC concentration, the elevated Λ8 in our study, compared to that observed by Mann
et al. (2016), is driven by higher dissolved lignin and lower DOC concentrations. The sum of eight syringyl,
vanillyl, and cinnamyl phenols (Σ8) ranged from 68.67−95.46 μg/L across the entire delta (“Core riverine” and
“Additional riverine” in Table 1) during the ascending limb/peak freshet in our study, compared to 62.1 μg/L
measured at Pilot Station by Mann et al. (2016). Additionally, DOC ranged from 9.88−11.94 mg/L across the
entire delta (“Core riverine” and “Additional riverine” in Table 1) during the ascending limb/peak freshet in our
study, compared to 13.0 mg/L measured at Pilot Station by Mann et al. (2016). Based on spatial differences

Figure 3. Carbon‐normalized vanillyl phenols (ΛV) (a), the ratio of p‐hydroxyacetophenone‐to‐total p‐hydroxy phenols (Pn:P) (b), the ratio of cinnamyl‐to‐vanillyl
phenols (C:V) (c), and the ratio of syringyl‐to‐vanillyl phenols (S:V) (d) measured at freshwater Yukon delta sites during three stages of the hydrograph. Seasonal
changes (box‐and‐whisker plots) are shown for the core riverine sites (Alakanuk and Emmonak channel mouths, gray filled stars) sampled during each stage of the
hydrograph. Results from additional, spatially variable delta samples (excluding the core riverine sites) collected during the ascending limb/peak freshet (red filled
stars), descending limb (yellow filled inverted triangles), and late summer (light‐blue filled diamonds) are also shown.
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between our delta sites and Pilot Station, the increased Λ8 measured in this study may be indicative of microbial
degradation of biolabile DOC during riverine transport (Holmes et al., 2008), or quantitatively significant
downstream riverine or deltaic terrOC inputs. However, temporal variability between these sample sets could be
attributed to interannual differences in the magnitude of freshet flow conditions, or climate‐related decadal in-
creases in Λ8 (e.g., due to increased precipitation, land cover changes, coastal erosion) that may be most apparent
during high‐flow conditions.

3.1.2. Dissolved Lignin Diagenesis and Non‐Vascular Sources

To evaluate the diagenetic state and age of DOC within the Yukon River delta, we seasonally intercompared
vanillyl and syringyl acid‐to‐aldehyde ratios (Ad:AlV and Ad:AlS) and P:V, respectively. Ad:AlV and Ad:AlS are
commonly used as diagenetic indicators since lignin phenols are oxidized via photochemical and microbial
pathways, leading to higher concentrations of acidic phenols produced through the chemical oxidation procedure
(Hedges et al., 1988; Opsahl & Benner, 1995, 1998). Ad:AlV at the seasonally sampled (“Core riverine” in
Table 2) sites ranged from 0.72−0.74 during the ascending limb/peak freshet, 0.45–0.74 during the descending
limb, and 0.50–0.79 during the late summer, whereas Ad:AlV across the entire delta (“Core riverine” and
“Additional riverine” in Table 2) ranged from 0.68–0.82, 0.41–0.93, and 0.50–0.79 during the same sampling
events (Figure 2d). Ad:AlS at the seasonally sampled (“Core riverine” in Table 2) sites ranged from 0.48−0.49
during the ascending limb/peak freshet, 0.26–0.53 during the descending limb, and 0.19–0.38 during the late
summer, whereas Ad:AlS across the entire delta (“Core riverine” and “Additional riverine” in Table 2) ranged
from 0.41–0.61, 0.26–0.53, and 0.19–0.65 during the same sampling events. All Ad:AlV and Ad:AlS fall within
confined ranges of 0.41–0.93 and 0.19–0.65, respectively, which are comparable to those measured in the
Yenisey (Ad:AlV = 0.86 and Ad:AlS = 0.61; Yan & Kaiser, 2018b) and lower‐latitude Brazos Rivers (Ad:AlV =

0.43 and Ad:AlS = 0.49; Yan & Kaiser, 2018b) and show little indication of seasonally‐dependent diagenetic
processing. However, the narrow range of Ad:AlV during the ascending limb/peak freshet suggests that the
diagenetic state of riverine terrOC is relatively homogenous throughout the Yukon River delta at that stage of the
hydrograph. Overall, while we observed some variability in Ad:AlV and Ad:AlS, it is difficult to deduce clear
seasonal or spatial trends in riverine terrOC diagenesis using these environmental parameters.

The ratio of P:V has been shown to be positively correlated to DOC age based on an empirical relationship
between P:V and Δ14C in Arctic rivers that stems from the overlap of p‐hydroxy phenols and aged DOC in peat
soils (Amon et al., 2012). P:V at the seasonally sampled (“Core riverine” in Table 2) sites ranged from 0.40−0.58
during the ascending limb/peak freshet, 0.99–1.29 during the descending limb, and 1.84–2.12 during the late
summer, whereas P:V across the entire delta (“Core riverine” and “Additional riverine” in Table 2) ranged from
0.40–0.61, 0.72–1.42, and 1.32–2.12 during the same sampling events (Figure 2c). Based on the relationship
established by Amon et al. (2012), seasonal samples indicate that the age of riverine DOC increases from the
ascending limb/peak freshet to late summer, which can be attributed to deeper hydrologic flow paths in late
summer that increase the contribution of aged terrestrial DOC from groundwater and soils (Aiken et al., 2014). P:
V ratios measured across the delta in this study were similar to those measured ∼200 km upstream at Pilot Station
by Amon et al. (2012) in 2003–2007, contrary to expected increases in aged DOC contribution due to permafrost
thaw, receding glaciers, and intensified groundwater inputs (Aiken et al., 2014). However, other studies have
found that DOC released from thawing permafrost is rapidly utilized by microbes and resembles riverine DOC
after a 28‐day incubation (Spencer et al., 2015). Therefore, the stable P:V observed in the Yukon River between
2003 and 2019 does not negate the presence of increasing contributions of aged DOC, but highlights the challenge
of investigating this environmentally‐critical, albeit biolabile, dissolved organic matter (DOM) fraction.

Peats and mosses are enriched in p‐hydroxyacetophenone relative to all p‐hydroxy phenols, allowing Pn:P ratios
to serve as a source indicator to further investigate these non‐vascular plant contributions to the system (Williams
et al., 1998). Pn:P at the seasonally sampled (“Core riverine” in Table 2) sites ranged from 0.26−0.36 during the
ascending limb/peak freshet, 0.21–0.31 during the descending limb, and 0.21–0.28 during the late summer,
whereas Pn:P across the entire delta (“Core riverine” and “Additional riverine” in Table 2) ranged from 0.23–
0.45, 0.21–0.47, and 0.21–0.31 during the same sampling events (Figure 3b). Our results do not show a clear
seasonal trend in the contribution of peat and mosses to riverine terrOC signature but do suggest there is some
spatial variation, which may be due to pronounced bank erosion of peat soils at certain sites within the Yukon
River delta. Based on an elevated Pn:P ratio for peat (Amon et al., 2012; Williams et al., 1998), we speculate there
may be higher peat contributions to riverine DOC at the mouth near the North river branch during the ascending
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limb/peak freshet (Y18 in Table 2) and descending limb (Y34 in Table 2) and the mouth of the Middle river
branch (Y35 in Table 2) during the descending limb. Due to limited spatial resolution, it is difficult to determine
whether bank erosion occurs at these sites or further upstream. However, these findings do suggest that there may
be differences in terrOC composition within and exiting the North and Middle river branches compared to the
South/Main river branch (Y36 in Table 2) at certain stages of the hydrograph.

3.1.3. Vascular Plant DOM and Source Variability

To determine vascular plant contribution to terrOC across the annual hydrograph, ΛV was calculated and
seasonally intercompared. Vanillyl phenols are a consistent component of all lignin heteropolymers, allowing ΛV

to serve as an indicator of relative vascular plant contribution to the DOC pool and eliminating the uncertainty that
stems from variability in syringyl and cinnamyl phenols with terrestrial source and reactivity (Hernes et al., 2007;
Opsahl & Benner, 1995; Spencer et al., 2008). ΛV at the seasonally sampled (“Core riverine” in Table 2) sites
ranged from 0.53−0.61 mg/100 mg OC during the ascending limb/peak freshet, 0.22−0.40 mg/100 mg OC during
the descending limb, and 0.10−0.20 mg/100 mg OC during the late summer, whereas ΛV across the entire delta
(“Core riverine” and “Additional riverine” in Table 2) ranged from 0.42−0.64, 0.21−0.43, and 0.09−0.20 mg/100
mg OC during the same sampling events (Figure 3a). The seasonality of ΛV reflects that of Λ8, with the highest
vascular plant contribution to the DOC pool occurring during the ascending limb/peak freshet and continual
descreases into the descending limb and late summer, corroborating previous conclusions that the spring freshet is
a period of high vascular plant DOM export due to surface runoff and leaching of litter layers (Guo & Macdonald,
2006; Neff et al., 2006; Spencer et al., 2008).

Similar to the seasonal and spatial variability observed for Λ8, ΛV variability cannot be attributed to discharge‐
related factors alone and suggests that higher vascular plant DOM during the ascending limb/peak freshet may
also be driven by deltaic inputs (e.g., localized runoff from surface soil and litter layers, tributary inputs, riverbank
erosion). Compared to previous measurements taken ∼200 km upstream at Pilot Station in 2005, ΛV was notably
higher during the ascending limb/peak freshet in this study (0.42–0.64 mg/100 mg OC compared to 0.27 mg/
100 mg OC; Spencer et al., 2008). Along with potential vascular plant inputs from riverine and deltaic sources,
differences between these samples can be attributed to interannual variability in freshet flow conditions or
climate‐related decadal increases in ΛV (e.g., due to increased precipitation, land cover changes, coastal erosion)
that appear to be most apparent during high‐flow conditions. While the 2005 freshet may be an anomaly due to
record discharge (33,414 m3/s; The Arctic Great Rivers Observatory, 2024), this suggests that riverine discharge
is not universally correlated to exported vascular plant DOM. Specifically, decreased residence times during high
flow conditions may limit the leaching of litter layers and surface soils—further highlighting the complexity of
this dynamic and critical period of the hydrograph as it relates to riverine terrOC composition and associated
reactivity (Spencer et al., 2008).

Specific vascular plant contributions to the system include woody and non‐woody tissues and angiosperms and
gymnosperms plant types which can be elucidated using the ratio of C:V and S:V, respectively (Hedges &
Mann, 1979). C:V at the seasonally sampled (“Core riverine” in Table 2) sites ranged from 0.07 during the
ascending limb/peak freshet, 0.15–0.45 during the descending limb, and 0.12–0.65 during the late summer,
whereas C:V across the entire delta (“Core riverine” and “Additional riverine” in Table 2) ranged from 0.07–0.10,
0.13–0.45, and 0.12–0.65 during the same sampling events (Table 2, Figure 3c). S:V at the seasonally sampled
(“Core riverine” in Table 2) sites ranged from 0.30−0.32 during the ascending limb/peak freshet, 0.49–0.80
during the descending limb, and 0.25–0.57 during late summer, whereas S:V across the entire delta (“Core
riverine” and “Additional riverine” in Table 2) ranged from 0.30–0.40, 0.39–0.80, and 0.25–0.57 during the same
sampling events (Table 2, Figure 3d). C:V and S:V in this study are comparable to those measured ∼200 km
upstream at Pilot Station by Mann et al. (2016), except for the high C:V (0.65 compared to ∼0.27) measured at the
mouth of the Emmonak river branch (Y10 in Table 2) during late summer. This sample was collected immediately
following a heavy rainfall event (discussed extensively in Novak et al., 2022) and suggests that delta sources,
particularly non‐woody plant types, can have a pronounced effect on localized riverine terrOC composition. In
general, vascular plant contributions during the ascending limb/peak freshet appear to be dominated by woody
tissues and gymnosperm plant types based on low C:V and S:V, respectively; thereafter, we observe a mixture of
non‐woody/woody tissues and gymnosperm/angiosperm plant types. Based on variability in riverine terrOC
source and composition across the annual hydrograph, there are expected to be differences in the processing and
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fate of terrOC during the ascending limb/peak freshet compared to other stages of the hydrograph (Opsahl &
Benner, 1995).

3.2. TerrOC Within the Yukon River Estuary

To evaluate terrOC within the Yukon River plume during the ascending limb/peak freshet, DOC and lignin
phenols were quantified and compared to linear conservative mixing (Hernes & Benner, 2003) across an envi-
ronmentally relevant salinity gradient extending from freshwater to high‐salinity marine waters. The sum of six
syringyl and vanillyl phenols (Σ6) was used to compare lignin across the salinity gradient, as ester‐bound cin-
namyl phenols are more prone to diagenetic variability and limit our understanding of terrOC mixing processes
(Opsahl & Benner, 1993). DOC and Σ6 decreased across an estuarine (0.08–15.13 ppt; “Estuary” in Table 1) to
marine (26.99–29.06 ppt; “Marine” in Table 1) salinity gradient during the 2019 ascending limb/peak freshet.
Compared to DOC, Σ6 exhibited large variability from linear conservative mixing (Figure 4, Table S3 in Sup-
porting Information S1) that highlights the distinct mixing behavior of DOM compound classes across land‐ocean
continuums (Kellerman et al., 2023).

To determine the chemical transformation of terrOC within the Yukon River plume, DOC and Σ6 were plotted
against salinity and compared to linear conservative mixing between riverine and marine endmembers (Figure 4,
Table S3 in Supporting Information S1). Across the estuarine‐to‐marine salinity gradient (“Estuary” and “Ma-
rine” in Table 1), DOC ranged from 1.28−11.60 mg/L and Σ6 ranged from 0.34−78.84 μg/L. The DOC and Σ6

concentrations measured at the South/Main Yukon River mouth (Y22 in Table 1) were 11.60 mg/L and 70.71 μg/
L, respectively. The DOC and Σ6 concentrations measured at the highest salinity marine site (Y23 in Table 1)
were 1.28 mg/L and 0.37 μg/L, respectively. DOC measured within the plume (0.24–15.13 ppt; “Estuary” in
Table 1) was consistently depleted (3%–22%, Table S3 in Supporting Information S1) relative to linear con-
servative mixing (Figure 4a), whereas Σ6 exhibited greater variability (Figure 4b). At low salinities, Σ6 showed
minor enrichment relative to linear conservative mixing (18% at 1.6 ppt and 20% at 3.9 ppt, Table S3 in Sup-
porting Information S1), which has been attributed to sediment desorption in previous studies (Hernes & Ben-
ner, 2003). However, at all other estuarine salinities, Σ6 exhibited depletion relative to linear conservative mixing
(11%–73%, Table S3 in Supporting Information S1). This deviation from linear conservative mixing suggests that
there may be microbial, photochemical, and physical processing within the river plume that preferentially
transforms aromatic, lignin‐like compounds (e.g., Hernes & Benner, 2003). Due to the high turbidity of the Yukon
River during this time of the year, which limits light penetration at depth (Clark et al., 2022), we predict that most
of this processing is driven by microbial degradation and the physical transformation of dissolved organic
compounds to particulate forms (i.e., flocculation and sedimentation; Hernes & Benner, 2003). At salinity 5.1 ppt
(Y16 in Table S3 of Supporting Information S1), the point at which we expect most of this physical

Figure 4. Mixing plots of dissolved organic carbon (DOC) and lignin concentration across salinity in the Yukon River plume (red filled triangles representing Y13–17,
Y22, and Y25–30 in Table 1) and into marine waters (dark‐blue filled squares representing Y23–24 and Y31–33 in Table 1) during the ascending limb and peak freshet.
DOC (a) and the sum of six lignin phenols (Σ6) (b) are compared to conservative mixing (black dashed line) between the river mouth (0.08 ppt) and the most saline
marine location (29.06 ppt).
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transformation to occur (Clark et al., 2022), we observed 18% depletion in DOC and a 43% depletion in Σ6 (Table
S3 in Supporting Information S1), which highlights the enhanced loss of lignin phenols compared to other dis-
solved organic compounds. Ultimately, the substantial enrichment and depletion of lignin phenols across the
estuarine‐to‐marine salinity gradient, compared to the bulk DOC pool, suggests that distinct DOM compound
classes have wide‐ranging reactivities (which may be microbial, photochemical, and physical in nature) (Hernes
& Benner, 2003; Kellerman et al., 2023) and necessitate using environmental biomarkers and compositional tools
to understand terrOC transformation across Arctic land‐ocean continuums.

To assess the salinity‐induced diagenesis of the DOC pool, Ad:AlV and Ad:AlS were plotted against the sampled
salinity gradient (Figure 5). Ad:AlV ranged from 0.59–1.77 (0.59–1.03 when excluding the abnormally high
measurement at Y30) across the estuary (“Estuary” in Table 2) and 0.97–1.33 in the marine waters (“Marine” in
Table 2) of Norton Sound (Figure 5a). Ad:AlS ranged from 0.38−0.85 across the estuary (“Estuary” in Table 2)
and 0.48–0.71 in the marine waters (“Marine” in Table 2) of Norton Sound (Figure 5b). Ad:AlV increased with
salinity (Figure 5a), which suggests that the DOC pool is more degraded at higher salinities due to some com-
bination of photochemical, microbial (Hernes & Benner, 2003), and sorption/desorption processes (Hernes
et al., 2007). At 7.61 ppt (Y30 in Table 2), specifically, there is a large increase in Ad:AlV that deviates from the
overall trend across the estuarine‐to‐marine salinity gradient (Figure 5a). The increased degradation of this
sample may be connected to the low SPM concentration measured at this location (16.0 mg/L compared to 39.0–
91.0 mg/L at other estuarine sites, Table 1) which could allow increased light penetration and photochemical
degradation, subsequently affecting microbial processing (Grunert et al., 2021). In that same vein, the relatively
low Ad:AlS observed at 28.5 ppt (Y33 in Table 2, Figure 5b) may be attributed to the higher SPM concentration
measured at this location (2.7 mg/L compared to 1.8–2.1 mg/L at other marine sites, Table 1) that could limit light
penetration and photochemical degradation.

Generally, terrOC degradation along the Yukon estuarine‐to‐marine salinity gradient seems to be controlled by
water column turbidity and, therefore, may be impacted by several different transformation mechanisms
depending on the location within the plume (Clark et al., 2022). In other large river plumes, such as the Mis-
sissippi River (Hernes & Benner, 2003), non‐conservative depletion of lignin appeared to be dominated by
microbial degradation and flocculation in turbid waters below salinity 25 ppt (Ad:AlV = 0.76–0.83 and Ad:
AlS = 0.64–0.80), and photochemical degradation in less turbid waters above salinity 25 ppt (Ad:AlV = 1.02–2.70
and Ad:AlS = 0.77–2.28). Aside from the high Ad:AlV observed at 7.61 ppt (Y30 in Table 2), no other samples
along the Yukon estuarine‐to‐marine salinity transect suggest photochemically degraded lignin compositions
(Ad:AlV and Ad:AlS > 1; Hernes & Benner, 2003). While the consistently lower Ad:AlV and Ad:AlS measured in
this study may be partially attributed to methodological differences (Yan & Kaiser, 2018b), we would still expect
to see increased Ad:AlV and Ad:AlS if photodegradation occurred (Hernes & Benner, 2003). Therefore, non‐
conservative depletion of Σ6 in the Yukon River plume during the ascending limb/peak freshet seems to be

Figure 5. The ratio of acid‐to‐aldehyde vanillyl (Ad:AlV) (a) and syringyl phenols (Ad:AlS) (b) in the Yukon River plume (red filled triangles representing Y13–17, Y22,
and Y25–30 in Table 2) and into marine waters (dark‐blue filled squares representing Y23–24 and Y31–33 in Table 2) during the ascending limb and peak freshet.
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driven by microbial degradation and physical transformation. However, variability in lignin degradation state
across the salinity gradient is also connected to the irregular mixing behavior that is known to occur within the
Yukon River estuary (Clark & Mannino, 2022). This irregular mixing behavior, which is governed by wind
velocity, influences water transport and residence time, impacting where terrestrial material is degraded or settles
out of the plume (Clark & Mannino, 2022).

3.3. Projecting terrOC Into Marginal Zones Using Optical Proxies

Challenges with lignin analytical techniques, including long sample preparation times and the need for large
sample volumes, highlight the desirability of using optical proxies to determine the concentration and trans-
formation of terrOC within the Yukon River system. Due to the chromophoric nature of terrestrial DOM, light
absorption at 350 nm (Hernes & Benner, 2003; Spencer et al., 2008, 2009) and 412 nm (D’Sa & DiMarco, 2009;
Novak et al., 2022) have been used to study terrestrial DOC in this and other riverine and near‐coastal (≤10 ppt)
environments. However, while CDOM measurements are robust and simple to perform, there may be marine
sources of CDOM that create uncertainty when using absorbance data as an optical proxy for terrestrial DOM
across expansive salinity gradients (Chen et al., 2002, 2004). Fortunately, since lignin phenols are derived from
terrestrial materials, establishing an empirical relationship between CDOM absorbance and Σ6 eliminates this
analytical uncertainty. Along with the potential for higher sample throughput and improved resolution, an
empirical relationship between CDOM and lignin allows for the development of ocean color reflectance algo-
rithms and remote sensing of these terrestrial materials.

Establishing a linear relationship between CDOM absorbance and lignin concentration within our sampling re-
gion builds upon the efforts of Kellerman et al. (2023) and Novak et al. (2022) who showed that DOC was linearly
related to a350 (R2 = 0.95) and a412 (R2 = 0.95) across the three stages of the hydrograph and into marine waters.
The highest a350 was 24.54 m−1 measured in the delta during the ascending limb/peak freshet, whereas the lowest
a350 was 0.64 m−1 in the marine waters of Norton Sound (Table 1). Similarly, the highest a412 was 9.29 m−1

measured in the delta during the ascending limb/peak freshet, whereas the lowest a412 was 0.22 m−1 in the marine
waters of Norton Sound (Table 1). There is a linear relationship between Σ6 and a350 (R2 = 0.83) as well as Σ6 and
a412 (R2 = 0.85) that is seasonally and spatially consistent (Figure 6). However, there are visible deviations from
this trend that suggest molar absorptivity is not constant across the Yukon land‐ocean continuum. In particular,
the measured light‐absorbing properties in marine samples are lower than that predicted by linear regression
which may be due to decreased SPM concentrations that allow photooxidation to become the primary degradation
pathway for optically‐active terrestrial materials (Hernes & Benner, 2003). However, lignin phenols are known to
be less susceptible than other optically‐active compounds to photodegradation due to typically insufficient

Figure 6. Linear regression (thick black line) and 95% confidence intervals (thin black lines) between the sum of six lignin phenols (Σ6) and optical indices a350 (a) and
a412 (b) measured across the Yukon land‐ocean continuum during three stages of the hydrograph. Core riverine sites (Alakanuk and Emmonak channel mouths) were
sampled during each stage of the hydrograph and the results are shown as gray filled stars. Results from additional delta samples (excluding the core riverine sites) are
shown as individual points. The ascending/peak data points also include measurements from two salinity transects in the river plume. Marine data points refer to samples
with a measured salinity above 25 ppt.
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transport times (Clark et al., 2022; Opsahl & Benner, 1998) or the chemical resistance of highly processed lignin
that ultimately reaches marine waters (Opsahl & Benner, 1998).

Similarly, molar absorptivity and associated compositional changes are known to vary the linear relationship
between CDOM absorbance and lignin across river systems and long timescales. For example, the slope of
the linear regression between Σ6 and a350 for these samples is 0.242 compared to 0.405 for the Yukon
samples in Mann et al. (2016), suggesting that the molar absorptivity of the two sample sets differs based
on spatial or temporal factors. Given recent increases in riverine discharge (Tank et al., 2023) and changes
to land cover (Frost et al., 2021), among other long‐term trends, riverine DOM molar absorptivity may be
impacted by climate‐related decadal controls. However, we speculate that transport through the river delta
also influences the molar absorptivity of the riverine DOM pool. Specifically, upstream riverine sites along
the Yukon are more directly influenced by blackwater sources and inputs (Spencer et al., 2008), which may
be less quantitatively significant downstream of Pilot Station. Therefore, if CDOM absorbance is to be used
as an optical proxy for lignin concentration throughout the Yukon River delta and coastal zone for remote
sensing purposes, there is a need for more paired chemical measurements and model improvements that
account for variability in molar absorptivity. With future establishment of optical proxies for lignin con-
centration, additional models can be developed that utilize DOM fluorescence properties to determine
lignin compositional variability (i.e., S:V, C:V) across this spatially and temporally heterogeneous system
(Hernes et al., 2009; Mann et al., 2016).

4. Conclusions and Future Work
TerrOC cycling within large Arctic rivers and expansive deltas is incredibly complex and simultaneously
influenced by spatial and temporal factors. While our lignin results generally follow discharge‐correlated seasonal
trends established at Pilot Station between the years of 2003–2009, there are notable deviations from previous
measurements during the ascending limb/peak freshet. Given the data currently available, it is difficult to discern
whether higher lignin concentrations and vascular plant DOM measured in this study are attributed to deltaic
inputs downstream of Pilot Station, climate‐related decadal increases (e.g., due to increased precipitation, land
cover changes, or coastal erosion), or interannual differences in the magnitude and length of freshet conditions.
However, we speculate that all spatial and temporal factors controlling terrOC mobilization may be intensified
during high‐flow conditions. Therefore, compared to previous upstream measurements, the lignin results in this
study are considered more representative of terrOC exiting the river mouth during the ascending limb/peak
freshet.

Based on the dynamic and intense biogeochemistry of the freshet, along with the scale of land‐ocean DOC flux
exported to the Bering Sea during the period (approximately 63% of annual DOC flux; Raymond et al., 2007;
Spencer et al., 2008), it is evident that there needs to be more intensive sampling during and between separate,
historically under‐studied, high‐flow conditions to improve our understanding of Yukon River terrOC compo-
sition and associated DOC reactivity. Across an extensive estuarine‐to‐marine salinity transect, we observe
depletion of terrOC relative to conservative mixing and preferential loss of lignin phenols compared to DOC
which appears to be dominated by microbial and physical transformation processes. However, the riverine
composition during the ascending limb/peak freshet is chemically distinct compared to other stages of the annual
hydrograph (descending limb and late summer), limiting our ability to predict estuarine mixing and trans-
formation of terrOC in entirety. Future studies comparing off‐shore lignin concentrations during disparate seasons
will improve our understanding of annual land‐ocean terrOC flux and distinguish the extent to which riverine
composition influences mixing behavior within the plume.
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