
1.  Introduction
Climate change is profoundly reshaping Arctic landscapes, resulting in antagonistic and synergistic effects on 
ecosystem structure and function (Bring et al., 2016; Prowse et al., 2015), redefining the complex interactions 
between terrestrial and aquatic ecosystems (Harms et  al.,  2016). Concurrent shifts in terrestrial vegetation 
cover and productivity (Loranty & Goetz, 2012; Myers-Smith et al., 2011) and a marked increase in the length 
of the growing seasons are leading to changes in terrestrial and soil resource pools (Drake et al., 2018; Ebel 
et al., 2019; Ernakovich et al., 2014; Schuur et al., 2022). Further, the combination of altered hydrologic regimes 
(Beel et al., 2020; Bintanja & Andry, 2017; Dery et al., 2005; Dou et al., 2022; McCrystall et al., 2021), ampli-
fied permafrost degradation (Abbott et al., 2015; Kokelj & Jorgenson, 2013; Lafreniere & Lamoureux, 2013; 
Vonk et  al.,  2015; Walvoord & Kurylyk,  2016), and increased potential for lateral and longitudinal transfer 
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− ), and total dissolved nitrogen (TDN) for five consecutive thaw seasons (2017–2021). Our 
analyses revealed a lag in DOC:𝐴𝐴 NO3

− stoichiometric recovery after a hydrologic perturbation: while DOC 
was consistently elevated after high flows, 𝐴𝐴 NO3

− diluted during rainfall events and consequently, recovery 
in post-event concentration was delayed. Conversely, the co-enrichment of TDN at high flows, even in 
watersheds with relatively high N-demand, represents a potential “leak” of hydrologically available organic 
N to downstream ecosystems. Our use of high-frequency, long-term optical sensors provides an improved 
method to estimate carbon and nutrient budgets and stoichiometric recovery behavior across event and seasonal 
timescales, enabling new insights and conceptualizations of a changing Arctic, such as assessing ecosystem 
disturbance and recovery across multiple timescales.

Plain Language Summary  The Arctic is one of the first regions to experience the impacts of 
climate change and is already experiencing rapid changes to the water cycle, seasonality, and permafrost state. 
These changes can be expressed in the chemistry observed in a river network, and ecosystem-scale responses 
to change are integrated at a watershed outlet. With this study, we leveraged 5 years of high-frequency data 
collected from two Arctic headwaters to observe how these watersheds respond to hydrologic disturbance. 
Overall, we found that at the event-scale, Arctic rivers are responsive to precipitation events, where carbon (C) 
increases and reactive nitrogen (N) as nitrate (𝐴𝐴 NO3

− ), is diluted in tandem when a storm event occurs. We also 
found that after the peak of the storm event, there is a difference in recovery rates for C and N that indicate 
storm events represent a hydrologic and biogeochemical disturbance. Overall, our findings are important for 
documenting hydrologic responses to a changing Arctic.
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of hydrologically available [C]arbon and [N]itrogen (Harms & Jones,  2012; Lafrenière & Lamoureux, 2019; 
Wickland et  al.,  2018) are fundamentally changing solute fluxes in Arctic rivers (Frey & McClelland, 2009; 
McClelland et al., 2007; Tank et al., 2012). In addition, there is growing recognition that landscape characteris-
tics lead to unique watershed biogeochemical responses to thaw (Connolly et al., 2018; Harms et al., 2016; Tank 
et al., 2020), as landscape characteristics interact with hydrologic and seasonal factors to ultimately control rates 
of C and N export (Vonk et al., 2019). Still, changes in lateral C and N flux are one of the largest sources of 
uncertainty in modeling net ecosystem biogeochemical balance of permafrost zones (Abbott et al., 2021; Drake 
et al., 2018; McGuire et al., 2018), and are of great interest to constrain Earth-system models that predict global 
response to biogeochemical change (Fan et al., 2019; Kicklighter et al., 2013; Treharne et al., 2022).

While systemic changes to Arctic ecosystems may have both antagonistic and synergistic effects on ecosys-
tem structure and function, they manifest as alterations in water-mediated fluxes (Saros et al., 2022; Shogren 
et al., 2021; Tank et al., 2020; Vonk et al., 2019). The expression of changing river chemistry at the event scale 
can reflect the dominant sources and pathways of material as they are transferred from terrestrial zones to the 
stream channel (Godsey et al., 2009, 2019; Moatar et al., 2017). While this perspective has been widely applied 
across temperate regions, the combination of technological advancements and increasing interest in capturing 
processes that control the transport of material across the terrestrial-aquatic nexus have been recently applied 
in permafrost-underlain watersheds (Conroy et  al.,  2022; Khamis et  al.,  2021; Shogren et  al.,  2021; Webster 
et al., 2021). Namely, the application of concentration-discharge (hereafter C-Q) metrics from high-frequency 
time-series data has revealed the dominant landscape and seasonal controls on lateral C and N exports in Arctic 
and Boreal watersheds (Khamis et al., 2021; Shogren et al., 2021; Webster et al., 2021). For example, Shogren 
et al.  (2021) leveraged high-frequency monitoring efforts to quantify event-scale C-Q responses for dissolved 
organic C (DOC) and nitrate (𝐴𝐴 NO3

− ) from Arctic headwater watersheds. The study found that landscape attributes 
such as slope, the presence of stream-lake chains, and vegetation were the dominant controls of DOC and 𝐴𝐴 NO3

− 
C-Q responses during rainfall events, while the season was not a significant predictor of C-Q responses (Shogren 
et  al.,  2021). Such studies underscore that C-Q responses reveal the drivers of storm-driven export in Arctic 
watersheds, especially given rapid changes in the timing and magnitude of precipitation events that transport 
material and reactive nutrients from land to water (Beel et al., 2020; McCrystall et al., 2021).

Across regions, most C-Q studies describe the responses of individual constituents, such as DOC, dissolved inorganic 
nitrogen (DIN), or reactive phosphorus in temperate rivers (Fazekas et al., 2020; Khamis et al., 2021; Raymond & 
Saiers, 2010; Vaughan et al., 2017; Wagner et al., 2019; Zarnetske et al., 2018), as well as in permafrost-influenced 
landscapes (Shogren et al., 2021; Webster et al., 2021). Efforts to capture multi-solute response across seasons 
(Kincaid et al., 2020), land use and land cover (Fazekas et al., 2021; Wymore et al., 2021), and antecedent hydro-
logic conditions (Gorski & Zimmer,  2021; Ledesma et  al.,  2022) have significantly advanced applications of 
the C-Q method by acknowledging that the transport of reactive solutes during storm events is inherently linked 
with the availability of other solutes and should be assessed in unison (Ledesma et al., 2022; Marcé et al., 2018; 
Wymore et al., 2021). For example, many studies in temperate regions recognize that the instream transport and 
transformation of C and N are inherently coupled (Plont et al., 2020), both directly through processes such as 
denitrification and assimilatory N processes (Burgin & Hamilton, 2007; Helton et al., 2015; Rodríguez-Cardona 
et al., 2020) and indirectly through stoichiometric constraints (Frei et al., 2020; Taylor & Townsend, 2010). Differ-
ences in C-Q responses between C and N may create stoichiometric shifts in rivers and could consequently alter 
rates of C and N transformation. Only through joint exploration of C and N C-Q responses can we elucidate how 
their couple biogeochemical cycles may shift. Specifically in the context of high-latitude ecosystems, assessing 
the coupled C and N dynamics in Arctic rivers could enhance our understanding of ongoing ecological changes, 
including more incorporation of ecosystem disturbance and resilience theories (Gunderson, 2000; Holling, 1973).

While past work (Shogren et al., 2021) focused on the role of landscape characteristics and season on single-solute 
DOC and NO3 C-Q responses in high-latitude watersheds, our objective with this study was to expand on the 
interpretation of C-Q responses by considering multi-solute behavior and recovery at the event-scale. Our guiding 
questions were: (a) How do paired C and N C-Q responses vary across inorganic and organic dissolved N forms? 
and (b) How do these responses differ across two Arctic watersheds with different ecological characteristics? 
To answer these questions, we re-investigated several years of high-frequency chemistry data from optical water 
quality sensors (2017–2019, Zarnetske et al., 2020a, 2020b), adding two additional years of record (Shogren 
et al., 2023a, 2023b). In addition, we calibrated the high-frequency spectral data to include novel estimates of 
TDN, in addition to DOC and NO3. Together, these data allowed us to describe the temporal variability in coupled 
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C and N exports in two permafrost-underlain Arctic watersheds: the Upper Kuparuk River (low lake density) 
and Oksrukuyik Creek (high lake density) (Figure 1). Across both watersheds, we expected that event-driven 
export would result in divergent C-Q responses resulting from rapid flushing of hydrologically available and 
abundant DOC and simultaneous rapid dilution of 𝐴𝐴 NO3

− (Harms & Jones, 2012; Khosh et al., 2017). Conversely, 
we predicted convergent C-Q exports of DOC and TDN, given the high organic N content of the dissolved 
organic matter pool which hydrologically connected and co-mobilized at the event scale. In addition to report-
ing the event-scale C-Q responses, we used the high-frequency data to explore post-peak recovery of C and N. 
Thus, we developed a competing hypothesis for comparing C-Q recovery across watersheds: that we would 
observe more change and slower recovery in the Oksrukuyik than in the Kuparuk given greater residence time 
within the lake  chains. Alternatively, we hypothesized that we would note less change and faster recovery in 
the lake-dominated watershed because of greater in-network processing capacity and therefore “buffered” C-Q 
responses observed at the watershed outlet relative to the Kuparuk.

2.  Materials and Methods
2.1.  Site Description

Our study watersheds, the Upper Kuparuk River and Oksrukuyik Creek (Figure 1), are part of the Arctic Long-
Term Ecological Research (LTER) site based out of Toolik Field Station in the foothills of the Brooks Range on 
the North Slope of Alaska, USA (60° 38′N, −149° 36.4′W, elevation 720 m) (Hobbie & Kling, 2014). We chose 
these watersheds as they encompass the dominant tundra vegetation types, permafrost characteristics, and hydro-
logic conditions typical of the North Slope (Table 1).

The Upper Kuparuk River watershed (68°38′47″, −149°24′34″, Figure 1a) is a long-term monitoring site for the 
Arctic LTER, used as a site for ecological study and monitoring since 1979. The Kuparuk is a meandering braided 

Figure 1.  Map of the state of Alaska, USA, highlighting an inset of the region near Toolik Field Station on the North Slope. Map of our study watersheds associated 
with Toolik Field Station in Northern Alaska, the Upper Kuparuk River (a), and Oksrukuyik Creek (b). Sensor locations are noted by a small triangle. Scale bar 
represents 2 km increments. Picture of the s::can sensor deployments in Oksrukuyik Creek, looking upstream (top) and from the other side of the river (bottom).
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stream network flowing through dominantly wet acidic tundra vegetation cover, including tussock (46%), shrubby 
birches and willows (25%), and sedges (14%) (Shogren et  al.,  2022). Its underlying geology is composed of 
glacial alluvial and outwash deposits from the Sagavanirktok glaciation in the late Pleistocene (Hamilton, 2003; 
Walker & Raynolds, 2017). The watershed is underlain by continuous permafrost, with soils made of colluvial 
deposits and organic matter (Walker & Maier, 2008). Though annual discharge is dominated by the spring freshet 
(Finlay et  al.,  2006; Townsend-Small et  al.,  2011), flow generation in this watershed is highly responsive to 
precipitation events (McNamara et al., 1998).

The Oksrukuyik Creek watershed (68°41′12″, −149°05′50″, Figure 1b) is both an Arctic LTER watershed and 
an established National Ecological Observatory Network monitoring site. Oksrukuyik Creek is considered a 
clear-water, low-gradient stream meandering through primarily tundra landscape, with a series of lake chains in 
the headwaters (Shogren et al., 2019, 2022). Vegetation cover in Oksrukuyik Creek watershed is dominated by 
tussock tundra (58%), sedge (24%), birch/willow shrub tundra (11%), and open water (4%) (Shogren et al., 2022). 
The watershed sits on glacial and alluvial deposits from the Itkillik (phase I) glaciation (Hamilton, 2003; Walker 
& Raynolds, 2017). The entire watershed is underlain by continuous permafrost, though taliks can form under 
lakes and stream channels. The Oksrukuyik Creek watershed drains a cluster of lakes at its headwaters and flows 
into the Sagavanirktok River.

2.2.  High-Frequency Sensor Deployment and Data Collection

We collected high-frequency data of stream flow and solute concentrations from the study watersheds during 
most of the thaw season, from early June through early September, for five consecutive years (2017–2021; exact 
dates noted in Table 1 and Figure 2). In each watershed, we estimated discharge using co-located, atmospherically 
compensated pressure transducers (Onset HOBO, Bourne Massachusetts, USA) that recorded water depth (stage, 
m) at 10-min intervals. We converted these stage data to continuous discharge using regular velocity-area calcula-
tions from weekly field measurements (Perumal et al., 2007; Turnipseed & Sauer, 2010) (Figure 2). Concurrently, 
we measured water chemistry in 15-min intervals using submersible UV-visible spectrophotometers (s::scan 
Messtechnik GmbH, Vienna, Austria), which were co-located with the pressure transducers. The spectrophotom-
eters measure light absorbance at wavelengths from 200 through 750 nm normalized spectra through a 35-mm 

Site Kuparuk River Oksrukuyik Creek

Total Drainage Area (km 2) 92.5 72.6

Mean Slope (°) 3.1 3.2

Mean Elevation (m) 988 862

Geologic Setting Sagavanirktok Old Glaciated Uplands Sagavanirktok Young Glaciated Valleys

Hydrologic Setting Continuous permafrost Continuous permafrost

Primary landscape classification Wet acidic tundra Wet acidic tundra

Surface Area of Lakes (km 2) 0.59 3.3

% Area Covered by Lake 0.65% 4.50%

Stream Strahler Order 4th 3rd

Mean Normalized Difference Vegetation  
Index (NDVI) in June and August

4324 ± 522 (June) 4789 ± 1106 (June)

4535 ± 1022 (August) 4535 ± 1022 (August)

Monitoring Dates

  2017 6/2–9/23 6/2–8/14

  2018 7/3–9/3 7/4–9/3

  2019 6/16–8/10 6/16–9/10

  2020 6/27–9/17 7/1–9/17

  2021 6/9–9/1 5/25–9/1

Table 1 
Arctic Watershed Characteristics and Monitoring Dates for the 2017–2021 Sensor Deployments in the Kuparuk River and 
Oksrukuyik Creek
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optical path (Edwards et  al.,  2001; Ruhala & Zarnetske, 2017). In the minute prior to collecting the absorb-
ance reading, the spectrophotometers automatically cleaned their lenses with a rotating brush. We also manually 
cleaned the sensor lens every 2–3 weeks. We housed the sensors in protective PVC tubing anchored with fence 
posts on the streambed. While every effort was made to deploy the sensors and PT loggers as early as possi-
ble, field logistics and safety concerns often limited deployment during freshet conditions. In the Kuparuk and 
Oksrukuyik, the freshet generally begins in late-May, and our sensor deployments are typically only feasible 
starting in early to mid June. The sensor deployment dates varied slightly each year, depending on weather, 
river deicing, and flow conditions, but they encompassed most of the flow season after the freshet and ice-off 
conditions, from early to mid-June through late-August or September (Table 1). Therefore, our results are only 
representative of early to late-season storm events, and do not fully characterize the freshet or snowmelt period 
in the Kuparuk or Oksrukuyik.

In each watershed, we collected biweekly grab samples of stream water at the sensor sites to analyze DOC, 
𝐴𝐴 NO3

− , and TDN concentrations in the laboratory to allow site-specific calibration of the absorbance spectra 
(Ruhala & Zarnetske, 2017). We filtered each field sample using either 0.7-μm glass fiber filters (Whatman GF/F, 
2017-2020, samples acidified to 0.1 M with HCl) or 0.2-μm cellulose acetate filters (Sterilite CA, 2021, samples 
not acidified) into clean HDPE bottles. For all years, we refrigerated (DOC, TDN) or froze (𝐴𝐴 NO3

− ) filtered water 
samples until prompt laboratory analysis. We measured DOC and TDN on a Shimadzu TOC-L analyzer with a 
TN module using a combustion catalytic method. We analyzed 𝐴𝐴 NO3

− on a QuickChem Lachat analyzer (2017 
samples) or a SEAL AA3 segmented flow analyzer (2018–2021 samples).

With the lab-measured concentrations, we used a partial least squares regression (PLSR) variable-selection 
approach to generate robust calibration relationships between turbidity-corrected UV-visible absorbance spectra 
and observed grab samples for DOC, 𝐴𝐴 NO3

− , and TDN independently (Etheridge et al., 2014; Vaughan et al., 2018). 
These solutes impact the absorbance of light at various wavelengths across the UV-vis spectrum (Sakamoto 
et  al.,  2009), resulting in high dimensionality between the light absorbance spectra relative to predicting the 
solute concentration of interest. A PLSR approach is advantageous relative to a simple linear model of predicted 
versus observed concentrations because it reduces this dimensionality by condensing many uncorrelated compo-
nents into a multi-variate model capable of predicting the solute of interest (Etheridge et al., 2014). Briefly, to 
generate the predicted time-series record, we established independent PLSR calibration models for each solute 
(DOC, 𝐴𝐴 NO3

− , and TDN) for each watershed and year from the observed grab sample concentrations relative to 
the sensor-generated absorbance spectra at the closest sampling time point. We used our initial PLSR-predicted 
concentration as our training calibration model. For our study, this process resulted in 30 unique PLSR models 
(see Figures S1–S5 in Supporting Information  S1 for comparison between observed versus PLSR-predicted 
concentrations). For each solute, watershed, and year, we then generated training data sets, where we applied the 
PLSR-training model to a random subset (85%) of the entire season’s spectral data. The training model was then 

Figure 2.  Annual hydrographs of our study watersheds associated with Toolik Field Station in Northern Alaska, the Kuparuk River (darker color) and Oksrukuyik 
Creek (lighter color) from 2017 to 2021. Arrows correspond to s::can and PT logger deployment dates for the Kuparuk (darker arrow) and Oksrukuyik (ligher arrow) 
for each year. Please note the differences in the range of deployment dates (x-axes) for each year and watershed, which are further described in Table 1.
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used to predict a validation set using the remaining 15% of spectral data. We fit linear correlations between the 
predicted training and validation sets and the lab-measured values to establish the calibration model's goodness 
of fit (as in Vaughan et al., 2018). Once each PLSR model was validated, we generated the predicted continuous 
time-series record of concentration. We used the packages pls (Mevik & Wehrens, 2007; R Core Team, 2014) and 
tools from plantspec (Griffith & Anderson, 2019) to fit season and watershed-specific PLSR calibration models 
in R 4.0.3 (R Core Team, 2014).

2.3.  Analysis of Concentration-Discharge Relationships and Recession Constants

To assess C-Q responses in our watersheds, we used an event-based approach. We used the hydrostats R package 
(Bond, 2019) to first identify putative flow events in the continuous discharge data and then differentiate base-
flow and stormflow using a Lyne-Hollick filter (Ladson et al., 2013) (Figure 3a). Using this filter on the discharge 
record, we considered a storm to be an “event” when discharge increased at least 10% above baseflow conditions. 
After delineating each storm event based on this procedure, we further classified prolonged events that had multi-
ple peaks as embedded, separate events using each peak minimum to separate events into individual events for 
further analysis. In the Kuparuk and Oksrukuyik, respectively, we captured 13 and 8 (2017); 9 and 8 (2018); 9 
and 6 (2019), 6 and 6 (2020), and 6 and 4 (2021) events.

We first determined the event-scale C-Q relationship using a power law function (C = αQ β), where α is a scaling 
factor and β is the exponent representing the slope of the log-transformed C-Q response (Godsey et al., 2009) 
(Figures  3b and  3c). The C-Q slope (β) leverages data from the entire event hydrograph, thus capturing the 
direction and pattern of water chemistry across the rising and falling limb of the storm. To describe variations 

Figure 3.  (a) A typical storm event monitoring pre-event (black point), peak flow (gray point), and post-event river 
concentrations of an enriching (solid gray line) or diluting (dashed gray line) solute as discharge (Q, solid black line) 
changes over time. (b) The biplot of log-log concentration-discharge (C-Q) relationship (gray line) shows the direction 
of the entire storm event relationship. (c) The slope of the power-law C-Q slope (β) denotes the relationship between the 
entire chemograph as enriching (β > 0), chemostatic (β ∼ 0), or diluting (β < 0). (d) Event recession constant, k, over the 
recession period. A positive k indicates an increase in concentration since peak flow, while a negative k indicates a decrease 
in concentration post-peak.
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in solute concentration with discharge, we classified C-Q responses as enriching (β > 0), constant (β = 0), or 
diluting (β < 0). To determine the dominant source of variability inherent in the C-Q response, we calculated the 
ratio of the coefficient of variation of concentration relative to discharge (CVC/CVQ) for each event (Thompson 
et al., 2011; Wymore et al., 2021). A ratio where CVC/CVQ < 1 reflects little variability in C relative to Q, where 
variation in exports is driven primarily by variations in flow. A ratio of CVC/CVQ > 1 indicates greater variabil-
ity in C than Q, representing conditions where variability is driven predominantly by biogeochemical processes 
within the watershed, the timing of inputs, or the spatial variability in source pools.

We then compared the C-Q slopes of two solutes of interest to investigate how C and N are co-exported during 
storm events. We therefore plotted all event slopes of C versus those of N, resulting in biplots that enable clas-
sification of event-scale C-Q patterns as convergent or divergent export behaviors based on the placement of an 
event across four quadrants. While the terms synchrony and asynchrony have been similarly used to categorize 
C-Q patterns (Wymore et al., 2021), in the present study, the terms convergent and divergent are used to signify 
the coherence of C-Q behavior of C relative to N. We classified each event by cataloging them into four quadrants 
that describe the emergent patterns for paired C and N as follows: quadrant 1, both C and N C-Q responses are 
convergently enriching (β > 0); quadrant 2, divergent C-Q behavior where N is enriching (β > 0) while C is dilut-
ing (β < 0); quadrant 3, both C and N C-Q responses are convergently diluted (β < 0); and quadrant 4, divergent 
C-Q behavior where N is diluted (β < 0) while C is enriched (β > 0). We considered points within quadrants 1 and 
3 to exhibit convergent C and N export behavior, while we defined quadrants 2 and 4 as divergent C-Q behavior.

Second, to assess the biogeochemical recovery after each storm event, we estimated nutrient recession constants, 
a parameter describing how fast solute concentrations fall back to pre-storm levels, for DOC, 𝐴𝐴 NO3

− , and TDN 
concentrations (Figure 3d) (Knapp et al., 2020). This relationship between solute concentrations and streamflow 
during the hydrograph recession can be especially informative about transport processes from shallow water 
sources (Inamdar et al., 2006). Using the same delineated storms from the C-Q analysis, we selected data from the 
storm discharge peak of the event until 95% of the hydrograph recession to baseflow or until the event was cut off 
by the start of a subsequent event. We estimated concentration recession constants (kc, d  −1) as the rate constant in 
an exponential decay C(t) = Coe -kt (Brutsaert & Nieber, 1977). Conceptually, the concentration recession constant 
captures the subsequent “recovery” after the peak of a storm event (Knapp et al., 2020). A positive value of kc 
indicates that concentration increased after peak flow, while a negative value suggests concentration decreased 
after peak flow (Figure 3d). We did the same for the hydrograph recession (kQ, d  −1), using equation Q(t) = Qoe -kt.

2.4.  Statistical Analyses

To explore differences across our two watersheds and monitoring years, we used two-way analysis of variances 
(ANOVAs) to assess differences in C-Q responses (β, CVC /CVQ, kc), testing for an interaction between watershed 
and year. We used Shapiro-Wilk tests to test our data set for Normality and checked for heteroscedasticity using 
residual plots. Our data were normally distributed (a > 0.05). When we observed significant differences in the 
two-way ANOVAs, we used Tukey's post-hoc tests to determine differences in watershed or annual means. We 
compared recession C-Q β and recession constants (kC) of C and N using simple linear regression models. We 
conducted all statistical tests using R (Version 4.0.3).

3.  Data
The data set generated for both watersheds included timeseries of water chemistry (in mg/L) and discharge (L/s) 
(Zarnetske et al., 2020a, 2020b). These datas ets were used to generate C-Q metrics (Section 2.3).

4.  Results
4.1.  Event-Scale Metrics

We first report C-Q responses as β for DOC, 𝐴𝐴 NO3
− , and TDN independently for each watershed and monitoring 

year in Figures 4a–4c. Across both study watersheds, we found a consistent pattern of enrichment (β > 0) for 
DOC and TDN in both watersheds and dilution (β < 0) for 𝐴𝐴 NO3

− (Figure 4). We observed no statistical differences 
for β between watersheds or across years for 𝐴𝐴 NO3

− (F4, 58 = 1.895, p = 0.124, Figure S6 in Supporting Informa-
tion S1). However, there were differences in DOC β between watersheds (ANOVA; F1, 62 = 4.612, p = 0.036), 
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with significantly more chemostatic (closer to 0) responses in lake influenced Oksrukuyik than in the Kuparuk 
(Tukey's test, p < 0.05). For TDN, we found no significant differences between watershed C-Q slopes, but there 
was a strong effect of year on β indicating interannual variability in TDN C-Q response (ANOVA; F4, 58 = 3.433, 
p = 0.01). Across all years, CVC /CVQ ratios were generally less than 1 (Figures 4d–4e).

Across our watersheds, we found no statistical relationship between paired DOC and 𝐴𝐴 NO3
− or TDN C-Q β at 

the event-scale based on simple linear regressions (p > 0.05 for all models). However, we did observe general 
patterns in paired C-Q behavior, where storm events fell predictably within a quadrant on a biplot between DOC 

Figure 4.  Boxplots of C-Q slope (as β) for (a) Dissolved Organic Carbon (DOC), (b) Nitrate (𝐴𝐴 NO3
− ), and (c) Total Dissolved Nitrogen (TDN) for the Kuparuk and 

Oksrukuyik watersheds from 2017 (yellow), 2018 (orange), 2019 (green), 2020 (blue), and 2021 (gray). We report annual mean and median C-Q β reported as a point 
and horizontal bar, respectively. Note the horizontal reference line at y = 0, where β > 0 indicates solute enrichment and β < 0 suggests solute dilution during a high 
flow event. We also include a comparison of the CVC /CVQ ratio for (d) DOC, (e) 𝐴𝐴 NO3

− , and (f) TDN for the Kuparuk (white circles) and Oksrukuyik (gray circles).
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(x-axis) and nitrogen species (𝐴𝐴 NO3
− and TDN, y-axis) (Figure 5). In both the Kuparuk and Oksrukuyik water-

sheds, DOC and 𝐴𝐴 NO3
− C-Q responses were primarily divergent, falling in quadrant 4 indicating DOC enrichment 

while 𝐴𝐴 NO3
− diluted. In contrast, the DOC and TDN C-Q responses were convergently enriched, falling in quad-

rant 1 (Figure 5).

Our DOC kC values were consistently negative, indicating a decline in concentration during the falling limb of 
the hydrograph (Figure 6a). We observed no significant difference in DOC kC between watersheds (ANOVA, 
p > 0.05), but we found a significant effect of year on DOC kC, likely the result of interannual variability in 
flow (ANOVA, p = 0.001, Figure 2). In general, 𝐴𝐴 NO3

− kC values were positive, indicating that instream concen-
trations increased as discharge returned to pre-event flows (Figure 6b). We found no significant effect of the 
watershed on 𝐴𝐴 NO3

− kC (ANOVA, p > 0.05), but there was significant variability in means across sampling years 
for both metrics (p = p < 0.05). Generally, we observed slower, “lagged” values of 𝐴𝐴 NO3

− kC relative to DOC 
kC (Figure 6b). Conversely, TDN recession constants followed a similar trend to DOC (Figure 6c). We did not 
observe any significant seasonal trends for DOC, 𝐴𝐴 NO3

− , or TDN kC (Figure S7 in Supporting Information S1). We 
then compared the concentration recession constants for both watersheds to explore post-event recovery of DOC 
and N species, as shown in Figure 7. We found significant relationships between DOC and 𝐴𝐴 NO3

− concentration 
recovery (as kC) (Kuparuk: R 2 = 0.19, p < 0.001; Oksrukuyik: R 2 = 0.24, p < 0.01), with a divergence in C versus 

Figure 5.  Biplots of event-scale C-Q β of (a) 𝐴𝐴 NO3
− versus dissolved organic carbon (DOC), (b) 𝐴𝐴 NO3

− versus total dissolved nitrogen (TDN), and (c) TDN versus DOC 
for the Kuparuk River (white circles) and Oksrukuyik Creek (gray circles) from 2017 to 2021. Quadrants (1–4) represent the following responses: (1) Convergent 
C-Q enrichment of C and N, (2) Divergent C-Q N enrichment, C dilution, (3) Convergent C-Q dilution of C and N, and (4) Divergent C-Q C enrichment, N dilution. 
Histograms of quadrant counts for each biplot are inseted into each panel.
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N concentration response to storm recession (Figures 7a and 7c). Conversely, our kC values for DOC versus TDN 
were nearly equivalent where both constituents decreased after peak flow, and this relationship was strongly 
linear (Kuparuk: R 2 = 0.78, p < 0.001; Oksrukuyik: R 2 = 0.68, p < 0.01) (Figures 7b and 7d).

Across both watersheds, the organic N fraction (DON) consistently constitutes a high proportion of TDN 
relative to DIN. Across all years, the mean (± standard error) TDN concentrations from grab samples were 
0.72 ± 0.034 mg/L for the Kuparuk and 0.70 ± 0.069 mg/L for Oksrukuyik. In the Kuparuk, ammonium (NH4+) 

Figure 6.  Boxplots of recession constants for concentration (kC) for (a) dissolved organic carbon (DOC), (b) Nitrate (𝐴𝐴 NO3
− ), and (c) total dissolved nitrogen (TDN) for 

the Kuparuk and Oksrukuyik watersheds from 2017 (yellow), 2018 (orange), 2019 (green), 2020 (blue), and 2021 (gray). Annual mean and median k are reported as 
a point and horizontal bar, respectively. Note the horizontal reference line at y = 0, where k > 0 indicates that the solute increases during the event recession and k < 0 
suggests solute decreases after the event recession. We also include a comparison of the discharge recession (kQ) versus kC for (d) DOC, (e) 𝐴𝐴 NO3

− , and (f) TDN for the 
Kuparuk (white circles) and Oksrukuyik (gray circles).
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concentrations are low (0.022  ±  0.016  mg/L), such that NO3 (0.15  ±  0.03  mg/L) represents the larger frac-
tion of DIN. From these values, DIN is approximately 25% of the TDN pool. Similarly, for Oksrukuyik, NH4+ 
(0.021 ± 0.010 mg/L) and NO3 (0.084 ± 0.018 mg/L) constitute about 15% of TDN, with DON representing the 
remaining 85% by subtraction. Considering the high organic proportion, the relationship between DOC and TDN 
concentration recovery is likely indicative of the dominance of organic N fractions co-mobilized with organic 
matter (Figure S8 in Supporting Information S1).

5.  Discussion
5.1.  Event-Scale C-Q Metrics Indicate Divergent Behavior Between DOC and 𝑨𝑨 NO𝟑𝟑

−

The expectation that storms represent a major disturbance to C and N transport and processing has become 
well-established in ecosystem theory, including the “flood pulse” (Junk et al., 1989), “pulse-shunt” (Raymond 
et al., 2016), “variable source area” and “nutrient source area sequencing” (Bernier, 1985; Betson, 1964; Dunne & 
Black, 1970; McGlynn & McDonnell, 2003), and the “river network saturation” concepts (Wollheim et al., 2018). 
Together, these frameworks predict that storms mobilize available material from terrestrial to aquatic ecosystems 
through subsurface and surface flow paths (Chorover et al., 2017). As mobilization increases during high flows, 
streams begin to transport more material than they can process, changing the river from a net transformer to a net 

Figure 7.  Biplots of event-scale C-Q recession constants for concentration (kC) of (a, b). 𝐴𝐴 NO3
− versus dissolved organic carbon (DOC) and (c, d) total dissolved 

nitrogen versus DOC for the Kuparuk and Oksrukuyik watersheds from 2017 (yellow), 2018 (orange), 2019 (green), 2020 (blue), and 2021 (gray).
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transporter of material downstream (Casas-Ruiz et al., 2020; Fazekas et al., 2021). Such hydro-biogeochemical 
concepts have revealed the dynamical nature of river responses that can be captured in an integrated water-
shed response such as C-Q behavior across temperate and high-latitude regions (Blaen et  al.,  2017; Fazekas 
et al., 2020; Khamis et al., 2021; Musolff et al., 2017, 2018; Rose et al., 2018; Shogren et al., 2021; Vaughan 
et al., 2017; Webster et al., 2021; Zimmer et al., 2019).

Here, we expanded upon previous work that demonstrated that landscape attributes, such as slope and the pres-
ence of stream-lake chains, influence the emergent watershed C-Q responses for carbon and nutrients (Shogren 
et al., 2021). In the present study, we found that DOC and 𝐴𝐴 NO3

− were consistently exported divergently from our 
two study watersheds, indicative of a substantive stoichiometric shift in DOC:𝐴𝐴 NO3

− at the event-scale. In both 
the Kuparuk and Oksrukuyik Creek watersheds, concentrations of DOC were predictably elevated while 𝐴𝐴 NO3

− 
concentrations decreased with increasing flows. Overall, these findings are intuitive for tundra streams on the 
North Slope of Alaska, which are typically N-limited (Khosh et al., 2017), where mobilization is limited by a 
small source pool of DIN (Harms & Jones, 2012; Townsend-Small et al., 2011). The results are also consistent 
with the assumption that terrestrial organic matter pools in the Arctic are in ample supply, but must be hydro-
logically activated to mobilize into the river network (Khamis et al., 2021; Shogren et al., 2021). The temporary 
elevation of DOC relative to 𝐴𝐴 NO3

− concentrations during storm events observed in both watersheds suggests that 
storm events represent not only a hydrologic disturbance but also a consistent driver of landscape stoichiomet-
ric imbalance as the river network transitions between reactor-to pipe-like conditions (Wollheim et al., 2018). 
Surprisingly, seasonal changes did not manifest in seasonal trends in C-Q responses for paired DOC and 𝐴𝐴 NO3

− 
(Figures S6 and S7 in Supporting Information S1). For example, we expected that seasonal deepening of the 
active layer would manifest in temporal changes in DOC:𝐴𝐴 NO3

− C-Q responses resulting from shifts in N-demand 
and evolving subsurface flowpaths (Evans & Ge, 2017). However, the consistent values of CVC /CVQ < 1 indicate 
that the co-transport of C and N is more strongly controlled by variability in hydrology than the ability of bioge-
ochemical processes to exert control over the export of these solutes (Wymore et al., 2021). Our observations 
suggest that network topology and hydrologic context play a significant role in driving C and N co-exports and 
their resulting proportions, which are more influential than active layer dynamics alone in our study watersheds 
(Connolly et al., 2018; Harms et al., 2016; Khosh et al., 2017; Tank et al., 2020; Vonk et al., 2019).

Another unique finding in this study is the prevalence of TDN enrichment (β > 0) in our two study watersheds, 
representing a strong stoichiometric coupling between the organic N fraction and DOC which are co-mobilized 
during storms. DON constitutes a large fraction of the TDN transported in Arctic rivers (Kaiser et al., 2017) and is 
related to the bioavailability of DOM (Wickland et al., 2018). River exports of DON serve as important resources 
for Arctic ecosystems, including larger freshwater lakes (Levine & Whalen, 2001; MacIntyre et al., 2006), coastal 
environments (Amon & Meon,  2004; McClelland et  al.,  2014; Tank et  al.,  2012), and ultimately the Arctic 
Ocean (Dittmar, 2004; Dittmar et al., 2001; Letscher et al., 2013; Paulsen et al., 2018). Our TDN results suggest 
that a large DON fraction may leach from Arctic ecosystems during storm events despite strong terrestrial and 
aquatic biotic demand for inorganic N (Liu et al., 2018; Neff et al., 2003). Furthermore, hydrologically mediated 
export may help DON effectively bypass microbial processing in permafrost soils and within stream processes. 
Effectively, DON represents both a source and sink of aquatic N (Neff et al., 2003), depending on the lability of 
the parent material and processing time. DON can be a downstream source of inorganic N when processing by 
microbes or photodegradation releases DIN (Bowen, 2021), or it can be considered a sink when it is mobilized 
downstream and transported toward the Arctic Ocean (Tank et al., 2012). As Arctic storms become more frequent 
and intense, understanding the contributions of DON to the redistribution of N resources across the landscape 
will be an important constraint on aquatic and terrestrial productivity (Francis et al., 2023).

5.2.  Post-Event Recovery Indicates Different Recovery of DOC:𝑨𝑨 NO𝟑𝟑
−

Our findings highlight that storm events are likely to elevate instream DOC:𝐴𝐴 NO3
− ratios for multiple days in 

low-gradient tundra streams. In other words, a storm event may exacerbate N-limitation as material is redistrib-
uted across the landscape, where elevated C:DIN is sustained. Our results for DOC:𝐴𝐴 NO3

− , including the lack of 
seasonal trends, can be explained by several non-exclusive scenarios that account for different dominant processes 
controlling DOC versus 𝐴𝐴 NO3

− exports as thaw depth thickens and flow paths evolve. At the start of active river 
flow in the Arctic, event runoff travels via surface runoff or through shallow, organic-rich soil layers (Finlay 
et al., 2006; Paquette et al., 2018). As an event recedes, watersheds may simply experience a reduction in DOC 
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concentration as these hydrologically connected source areas become rapidly disconnected, slowing the transport 
capacity of carbon (Burns et al., 2016; Goodwell et al., 2018). As thaw depth progresses toward the seasonal 
maxima, the rapid return to pre-event conditions likely reflects the steeper vertical gradient of soil organic matter 
content relative to depth (Connolly et al., 2018), thus changing hydrologic flow paths that contribute DOC to 
the stream channel (Ågren et al., 2014; Voytek et al., 2016). For example, the active layer may become saturated 
during stormflow, such that translatory flow quickly flushes older, DOC-concentrated water into the stream chan-
nel from riparian zones (Boyer et al., 1997; Weiler & McDonnell, 2006), and supply slows after the storm event. 
Alternatively, saturated excess overland flow might result in event-water that is routed preferentially through the 
shallow organic horizons, resulting in a rapid conveyance of solutes downslope from transmissive soils (Boyer 
et al., 1997; Neilson et al., 2018). As the storm recedes, water flow-paths may transition back to deeper C-poor 
mineral horizons (Krogh et al., 2017; MacLean et al., 1999), resulting in a rapid decline of observed instream 
DOC concentrations. While we cannot accurately parse the mechanisms contributing to material and water flow 
with this study, the mechanisms of flow and solute generation remain a critical data gap in high-latitude science 
(Vonk et al., 2019; Voytek et al., 2016).

Meanwhile, the lagged behavior of recovery in 𝐴𝐴 NO3
− may represent a combined effect of both hydrologic and 

biogeochemical controls on transporting and producing DIN into the stream network. During the storm, N dilu-
tion is likely the consequence of the increased flow and limited terrestrial N availability (Ensign & Doyle, 2006). 
After a storm disturbance, a slow 𝐴𝐴 NO3

− recovery may simply reflect decreasing hydrologic dilution of DIN: as 
discharge decreases low concentrations slowly rise to baseline. Alternatively, the mismatch in DOC:𝐴𝐴 NO3

− recov-
ery rates may also reflect variability in post-disturbance biotic processes, such as altered terrestrial or instream 
biotic demand of DIN. The stream channel may have reduced streambed assimilatory capacity after peak flows, 
when benthic biofilms are scoured, and light availability is lessened (McNamara et al., 2008), thus allowing 𝐴𝐴 NO3

− 
to recover more quickly relative to DOC. Flood pulses may also enhance land-water connectivity, increasing 
biological N uptake by microbes and plants in the riparian zone and thereby limiting N export into the stream 
channel (Harms & Ludwig, 2016). The ability of stream riparian zones to rapidly take up inorganic forms of N 
has been noted in permafrost soils (Pastor et al., 2020). While our study did not directly measure hillslope riparian 
production or reach-scale uptake of 𝐴𝐴 NO3

− during or after peak flows (Covino et al., 2021; Harms et al., 2019), our 
results indicate that the combined effect of elevated DOC, reduced 𝐴𝐴 NO3

− availability, and limited instream uptake 
capacity may contribute to a delay in biogeochemical recovery after a strong event disturbance.

5.3.  Implications of C-Q Metrics for Arctic Watersheds

Our sampling efforts further define Arctic storms as major biogeochemical disruptors, with the capacity to differ-
entially export and redistribute C and N that are hydrologically mobilized from land to water. In our study 
watersheds, storm events may elevate DOC:NO3 ratios that are slow to recover from hydrologic disturbance 
while increasing exports of TDN. Additionally, the application of a chemograph recession constant kC provides 
additional evidence for a prolonged instream 𝐴𝐴 NO3

− recovery response relative to available DOC stores. Overall, 
our findings highlight that storm events play an important role in the co-exports of C and N in intermediate-scale 
(<100 km 2) Arctic headwaters, which represent a significant source of uncertainty in high-latitude biogeochemi-
cal budgets (Starr et al., 2023). Notably, patterns of non-changing riverine fluxes of DOC concurrent with declin-
ing fluxes of 𝐴𝐴 NO3

− have emerged at larger watershed scales (>10,000 km 2) (Tank et al., 2023), while increasing 
exports of DON (a large portion of TDN) have significant implications for productivity of the Arctic Ocean (Tank 
et al., 2012). While changes in fluxes observed at the large catchment scale represent many competing mecha-
nisms that drive the directional shifts in N concentrations, these changes likely start far upstream. That is, if fluxes 
of N relative to C are changing significantly in large Arctic rivers, this is the result of the combination of systemic 
changes experienced by the upstream headwaters, where signals are maintained as water flows toward the Arctic 
Ocean. Therefore, capturing the C and N transport and transformation from headwater-scale Arctic landscapes 
under different climactic and ecological conditions must remain a priority for predicting and observing changes 
to high latitude regions (Shogren et al., 2020; Virkkala et al., 2019; Vonk et al., 2023).

Despite rapid changes to high-latitude ecosystems evident in changing river chemistry, research efforts in Arctic 
rivers have lagged behind those in temperate regions (Laudon et al., 2017). The spring snowmelt and mid-season 
storm events are predicted to become more intense (Blaskey et al., 2023; Dou et al., 2022), resulting in seasonal 
and interannual changes in the magnitude of C and N transported from Arctic headwaters. In recent years, optical 
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sensors have provided a useful tool to help quantify additional solutes of interest (Burns et al., 2019; Crawford 
et al., 2015; Pellerin et al., 2016; Rode et al., 2016). We encourage exploration and expansion of high-frequency 
monitoring in an effort to expand our understanding of biogeochemical conditions in a changing Arctic, but wish 
to provide a word of caution. While it can be tempting to rely on the sensor-derived parameters or established 
calibration relationships, concentration estimates from sensors must be bolstered with effort to validate these rela-
tionships across space and over time. We emphasize the importance of generating unique solute-, watershed-, and 
year-specific calibration models (Figures S1–S5 in Supporting Information S1) to adequately predict time-series 
of concentrations or the user risks significant over-interpretation of the high-frequency records. Despite these 
modest challenges, the application of high-frequency water quality sensors in Arctic regions still provides an 
exciting solution for capturing the varying influence of landscape on hydrochemical attributes that drive longitu-
dinal and lateral solute fluxes (Shogren et al., 2021; Zarnetske et al., 2020a , 2020b, 2020c). The lateral flux of 
C and N to Arctic river networks thus remains a significant source of uncertainty in constraining biogeochem-
ical budgets in high-latitude ecosystems as the Arctic hydrologic cycle shifts toward more intense precipitation 
(McCrystall et al., 2021).
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