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Abstract Fluvial export of dissolved carbon plays an important role in watershed-scale biogeochemistry.
Predicted changes in climate are expected to impact watershed hydrologic regimes, and in turn, the sources and
export of dissolved carbon from watersheds. Here, we utilize high resolution measurements of discharge and
dissolved carbon concentration to examine how concentration-discharge (CQ) relationships vary seasonally and
during high flow events over the main runoff season (May—October) in a temperate forested watershed in
Southeast Alaska. Concentration-discharge relationships for dissolved organic carbon (DOC) and alkalinity
demonstrated strong seasonal patterns, with more linear relationships in May and June versus other months.
Changing power law model slopes (b values; the exponent in a power law regression between runoff and carbon
yields) indicated potentially shifting watershed sources (biogenic vs. geologic) and contrasting dominant
flowpaths (shallow vs. deeper groundwater) for DOC and alkalinity over the sampling period. During the largest
storm event of the study, DOC and alkalinity b values shifted from an overall pattern of transport (mean b = 1.58
values >1.0 indicate transport limitation) and source limitation (mean b = 0.48, values <1.0 indicate source
limitation) to chemostatic (DOC, b = 0.99; alkalinity, b = 1.019). In June through August, patterns in hysteresis
index suggest that CQ relationships were altered when storms followed in close succession to each other.
Together, these findings indicate that seasonal and antecedent flow conditions play a role in dissolved carbon
export from forested watersheds. Understanding these dynamics, particularly during winter months, will
become increasingly important as changes to hydroclimate impact riverine carbon export.

Plain Language Summary Rivers and streams transport dissolved carbon to the ocean, helping drive
the global carbon cycle. Climate change is expected to alter rainfall, snowfall, and storm intensity, which may
affect the amount and type of carbon exported from watersheds. To better predict these impacts, we need to
understand how dissolved carbon concentrations change under different hydrologic conditions. In our study, we
measured streamflow and dissolved organic carbon (DOC) and alkalinity (a proxy for inorganic carbon)
concentrations from late April through October in a Southeast Alaska watershed. We found that the relationship
between streamflow and carbon concentration varied by season. In spring, DOC and alkalinity levels increased
steadily with streamflow, forming a strong linear relationship. In summer, the relationship was asymptotic,
meaning carbon concentrations leveled off at high flows instead of continuing to rise. When analyzing
individual storms, typically lasting about a day, we observed different patterns in how carbon concentrations
changed as flow increased or decreased. Additionally, storms occurring within a few days of each other
appeared to influence stream carbon levels in subsequent storms. Altogether, our findings indicate that
seasonality and storm sequences play an important role in controlling dissolved carbon export from rivers and
streams.

1. Introduction

Fluvial fluxes of different species of carbon play an important role in watershed carbon cycling (Aufden-
kampe et al., 2011). In general, the dominant carbon species exported laterally from watersheds are dissolved
organic (DOC) and inorganic carbon (DIC; Chaplot & Mutema, 2021), and strong evidence exists that
watershed hydrology influences the relationship between discharge and DOC/DIC concentration and export
(Ward et al., 2017). For example, high flow events can mobilize a large percentage of the total annual
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watershed export of DOC (Raymond & Saiers, 2010; Wiegner et al., 2009), making storms important in the
context of terrestrial carbon budgets and ecologically significant pulses of carbon to downstream ecosystems
(Wilson et al., 2013). Shifting watershed hydrologic patterns, such as more frequent and intense storms and
severe dry periods (e.g., Lader et al., 2020, 2022), have the potential to influence concentration-discharge
(CQ) relationships and therefore watershed carbon budgets. Thus, future changes in hydroclimate under-
score the importance of improving our understanding of the relationship between hydrologic patterns and
fluvial carbon export (Tank et al., 2018).

Development of a mechanistic understanding of seasonal CQ relationships has been challenging because many
estimates of streamwater dissolved carbon export have often relied on infrequent point measurements collected
across years (e.g., Leach et al., 2016; Perdrial et al., 2014; Raymond & Saiers, 2010). Previous studies have
typically been limited to a few storms (<10) over a short time frame (e.g., Hood et al., 2006; Jung et al., 2012; Su
et al., 2023) making it difficult to understand how CQ relationships for individual storm events fit into broader
seasonal trends. Additionally, little is known about how antecedent conditions (e.g., storms in close succession or
periods of prolonged low flow) or highly seasonal flow regimes (e.g., spring snowmelt, summer low flow) impact
the response of CQ relationships for any given storm (McMillan et al., 2018).

Over the past few decades, high quality optical sensors have been developed that can be deployed under variable
weather and flow conditions making collection of high-resolution data over longer sampling periods more
feasible (Downing et al., 2012; Saraceno et al., 2009; Vaughan et al., 2019). In situ sensors can be used to capture
hourly measurements of fluorescent dissolved organic matter (FDOM, which can be related to DOC concen-
tration), temperature, turbidity, conductivity, and other physicochemical properties. More recently, high-
resolution specific conductivity measurements have been related to DIC concentrations (e.g., Koch
et al., 2021) making it possible to address more nuanced questions around how storm sequencing and watershed
antecedent conditions might impact multiple carbon species and the CQ response observed under different flow
conditions (Koch et al., 2021; Wilson et al., 2013).

High-resolution carbon data and CQ indices can be combined to quantify changes in relationships between
streamflow and carbon concentration and interaction among storm sequences. One basic CQ index is the power
law relationship where the slope of the log(C) ~ log(Q) relationship or exponent in the power law regression (b
value) indicates dissolved carbon is either source or transport limited within the watershed (Moatar et al., 2017;
Zarnetske et al., 2018). Alternatively, metrics of hysteresis and loop direction (Speir et al., 2023; Williams, 1989)
can provide insight into flowpaths and sources of dissolved carbon within the watershed, with clockwise (CW)
hysteresis indicating the mobilization of proximate sources early in the storm and dilution later in the storm, and
counterclockwise (CCW) hysteresis indicating mobilization of more distal sources later in the storm (Lloyd
et al., 2016a). Although multi-year trends for single carbon species have been quantified (e.g., Zarnetske
et al., 2018), high-resolution studies that assess CQ behavior of multiple species of carbon over a season and with
many individual storm events are rare (except see Koch et al., 2021).

A combination of high rates of precipitation, variable flow conditions, and a carbon-rich landscape makes
Southeast Alaska an ideal place to study the interactions between seasonal and storm event CQ relationships for
different species of carbon (Bidlack et al., 2021). While few temperate regions experience the magnitude of
precipitation common in Southeast Alaska, climate shifts are predicted to make storm series like those that occur
in Southeast Alaska more common (Espinoza et al., 2018; Lader et al., 2020). Here, we use grab samples (at least
weekly) of DOC and alkalinity concentrations and hourly measurements of florescent dissolved organic matter
(FDOM) and specific conductivity to quantify hourly concentrations of DOC and alkalinity, respectively.
Alkalinity is not a direct measurement of DIC; however, it is often assumed that the majority of alkalinity is DIC
in forested watersheds (Cole et al., 2021). We used the hourly concentrations for DOC and alkalinity and simple
metrics to describe concentration-discharge relationships to quantify seasonal and storm event trends in a forested
watershed in Southeast Alaska over a 6-month study window. We pose two questions: (a) Is there an emergent
relationship between concentrations of DOC and alkalinity and discharge for the entire sampling period? And if
not, (b) how do these relationships between carbon species and discharge vary seasonally and during individual
high flow events?
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Figure 1. Map of the Kaxdigoowu Héen, also known as Montana Creek, study watershed located near Juneau, Alaska. The sampling location, indicated by the star,
drains the 9.5 km® Upper Montana Creek watershed and is 20 km northwest of downtown Juneau. The sensor deployment at the site is shown in the picture on the map.

2. Methods
2.1. Study Site

The study site was the upper watershed of Kaxdigoowu Héen (Montana Creek), located in Southeast Alaska, near
the city of Juneau (Alaska, USA). The Upper Kaxdigoowu Héen (Montana Creek) sub-basin has a watershed size
of 9.5 km? and an average relief of 18° (Figure 1). Juneau experiences a maritime climate with a mean annual
temperature of 5.6°C and precipitation averaging 170 cm each year (Palecki et al., 2021). Fluvial networks in
Southeast Alaska have diverse sources of contributing water resulting in a broad watershed classification,
including glacially fed, snow-fed, and predominantly rain-fed (Sergeant et al., 2020). Our study watershed has no
measurable glacial coverage but seasonally accumulates an extensive snowpack in its upper hillslopes. Western
hemlock (Tsuga heterophylla) and Sitka spruce (Picea sitchensis) mixed forest are the primary landcover (85%)
followed by peat wetlands (7% landcover). The upper reaches of the watershed contain exposed bedrock with
poorly developed soils, and sparse vegetation dominated by nitrogen-fixing alders (Alnus spp.). Kaxdigoowu
Héen (Montana Creek) supports runs of four of the five species of Pacific Salmon (Oncorhynchus keta, O.
gorbuscha, O. tshawytscha, and O. kisutch), as well as steelhead trout (0. mykiss), cutthroat trout (O. clarkii
clarkii), Dolly Varden (Salvelinus malma), and sculpins (Cottus spp.).

2.2. Dissolved Organic Carbon and Alkalinity Sample Collection and Analysis

Surface water grab samples (n = 65) of DOC and alkalinity were collected at least once per week during dry
periods and up to twice per day during storm events for the period of 24 April through 31 October 2021 (the main
runoff season). Triplicate samples of DOC were filtered through a pre-combusted (450°C for 4 hr) glass fiber
filter (0.7 pm) and collected in acid washed and pre-combusted (450°C for 4 hr) glass vials that were triple rinsed
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with filtered stream water. Upon return to the laboratory, the 40 mL DOC samples were acidified with 40 pL of
12 M hydrochloric acid and stored in the refrigerator for a maximum of 1 month before analysis. Dissolved
organic carbon samples were analyzed on a Shimadzu TOC/TN-L-CSH by high temperature combustion, and
concentrations were reported in mg C/L as the mean of 3-5 replicate injections. The standard deviation of the
triplicate samples ranged from 0.011 to 1.0 mg/L with an average standard deviation of 0.134 mg/L.

Alkalinity samples were collected unfiltered from the stream in acid-washed polyethylene bottles ensuring there
was no head space. Upon returning to the laboratory, samples were refrigerated and processed within 24 hr of
collection. Alkalinity was measured as CaCO; (mg/L) via hydrochloric acid (0.02 N) titration to pH end points
4.4 and 4.7 (Method 2320 from the Standard Methods for the Examination of Water and Wastewater, 1999).
Alkalinity concentrations were converted to mg C/L for direct comparison of carbon concentration to DOC under
the assumption that the primary contributor to alkalinity in our system is bicarbonate (Cole et al., 2021). Triplicate
stream water samples of 8'C-DIC were filtered through a 0.2 pm nylon filter and collected in acid washed and
pre-combusted (450°C for 4 hr) glass vials that were triple rinsed with filtered stream water. Vial caps were
wrapped with parafilm and samples were stored in the refrigerator until sent to the University of Hawaii
Analytical Lab for processing within 6 months of collection. One of the triplicate samples was run from each
sampling event and two quality control (QC) samples were run alongside the submitted samples to verify ac-
curacy and precision of isotope data.

2.3. Discharge Measurements

We installed a pressure transducer in PVC piping (In Situ Level TROLL 500, Fort Collins, Colorado, USA) that
recorded measurements at 15-min intervals from the end of April (spring) through the first week of November
(fall). Discrete measurements of discharge (n = 20) were made throughout the field season under a variable range
of flow using a SonTek Flowtracker current meter (San Diego, California, USA). Concurrent stage and discrete
discharge measurements were used to develop a rating curve, which was used to calculate discharge at 15-min
intervals for the entire sampling period. These 15-min measurements were averaged to an hourly value. Pres-
sure transducer measurements were interrupted 13 August to 14 August due to sensor displacement during the
largest flow event of the season. To address this gap in our data, we estimated the missing discharge values using a
regression equation developed between discharge at our site and at a National Weather Service stream gauge
(NWS MCAA?2) approximately 6 km downstream of the study reach that remained operational during the storm.

2.4. Sensor Data and Calculation of Daily Carbon Yields

A YSI Exo02 sonde (Yellow Springs, Ohio, USA) equipped with a wiper was deployed in the stream on 6 May
2021 and recorded hourly measurements of temperature (°C), turbidity (FNU), florescent dissolved organic
matter (FDOM; QSU), and specific conductivity (uS/cm). The sensors were calibrated to known standards in the
laboratory before installation. The conductivity sensor was calibrated using a 1,000 uS/cm standard for fresh
water while the FDOM sensor was calibrated using a 300 QSU (100 RFU) quinine sulfate solution following Y SI
Exo sonde protocols. We downloaded the sensor data at least monthly over the summer and inspected the sensors
for any debris or damage. At the time of download, we checked the sonde measurements against discrete mea-
surements using a hand-held YSI ProDSS multi-probe (Yellow Springs, Ohio, USA) equipped with temperature,
conductivity, and turbidity sensors and observed no deviation throughout the sampling period. At season end, we
did a bucket test to affirm that the YSI ProDSS and YSI Exo sonde were performing consistently relative to one
another.

Our site had relativity low turbidity for the entire sampling period, averaging 1.80 FNU, which is below the
typical threshold where it is necessary to correct FDOM values for turbidity (Saraceno et al., 2009). However,
turbidity exceeded 50 FNU during three storms and thus, we corrected our FDOM measurements for temperature
and turbidity using an equation utilized for glacial and non-glacial streams (Boix Canadell et al., 2019). While
site-specific corrections are considered preferable (Downing et al., 2012), it has also been shown that laboratory
derived corrections for turbidity produce similar results for mid-to low-range turbidity measurements (<300
FNU), which applies to our study watershed (Saraceno et al., 2017). Linear regressions between DOC grab
samples and corrected hourly FDOM measurements (> = 0.89, p < 0.001) and alkalinity grab samples and hourly
specific conductivity measurements (¥ = 0.94, p < 0.001) were established to convert FDOM to DOC and
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specific conductivity to alkalinity. These relationships (Figure S1 in Supporting Information S1) were used to
create an hourly time series of DOC and alkalinity concentrations for the sampling period.

2.5. Delineation of Individual Storms, and Metrics of Concentration-Discharge Relationships

Our method for storm delineation was adapted from Koch et al. (2021). Storms were defined as a doubling or
more in flow from baseflow conditions to peak flow. The start of storm events was defined by the inflection point
between baseflow conditions and the ascending limb, where discharge increased continuously between hourly
measurements. Storm events ended either when flow conditions changed less than 0.01 m>/s over the course of an
hour or at the inflection point of the following storm. Storms with multiple peaks were divided into separate
events if flow conditions dropped below 50% of the first peak between peaks. Storms were named by the first
letter of the month in which they occurred and the storms' number order in the month (e.g., the first storm in May
was M1; JN was used for June, and JU for July).

Concentrations of DOC and alkalinity were converted to a mass yield (kg C/km*h) by pairing hourly concen-
tration and discharge measurements and normalizing for the watershed area (9.5 km?). Discharge was converted
from m>/s to runoff in mm/h by normalizing hourly discharge measurements to the watershed area. To examine
whether DOC and alkalinity were transport or source limited, we examined the b value in the power law rela-
tionship between hourly DOC/alkalinity yields and hourly runoff described by the equation: Flux = aQP?, log
transformed as log(Flux) = log(a) + b*log(Q), following Zarnetske et al. (2018). A power law b value of 1
indicates chemostasis, >1 indicates transport limitation, and <1 indicates source limitation (Zarnetske
et al., 2018). The power law relationship and b value were estimated using the hourly time series of DOC and
alkalinity and discharge for the entire study period and for each individual storm event.

To calculate a hysteresis index (HI), each storm was normalized for discharge and DOC or alkalinity concen-
tration (Lloyd et al., 2016b). Hourly discharge and DOC/alkalinity measurements for each storm were normalized
by subtracting the minimum observed value of discharge and DOC/alkalinity, then dividing by the maximum
minus the minimum values observed during the storm event, resulting in unitless values of flow and C ranging
from O to 1 (following Lloyd et al., 2016b). Linear interpolation was used to calculate the normalized values of
DOC or alkalinity at 25%, 50%, and 75% intervals of normalized flow and the difference in concentration between
the rising and the falling limb at each of those intervals was calculated; values were averaged to generate a HI for
each storm.

3. Results
3.1. Discharge Over the Sampling Period

Across the sampling period, hourly streamflow averaged 1.10 m*/s and ranged from 0.14 to 24.69 m*/s with both
the highest and lowest flows occurring in August (Figure 2). Early season flows were influenced by snow melt and
rain events. Hourly streamflow oscillated sub-daily as warm daytime air temperatures melted snow in the
catchment, a diurnal pattern that lasted through the first week of June. July through early August was generally a
very dry period, with the lowest flows of the sampling period interspersed with rain-driven flow events. Starting
the second week of August, streamflow was driven by more frequent rain events. As air temperatures dropped in
October, snow accumulated in the higher elevations in the catchment and discharge became less responsive to
precipitation. Over the sampling period, we measured CQ relationships for 23 storms.

3.2. Streamwater Dissolved Organic Carbon and Alkalinity Concentrations

Streamwater concentrations of DOC averaged 3.29 mg C/L and ranged from 0.54 to 10.81 mg C/L across the
study period (Figure 2a). The lowest DOC concentrations coincided with low flows in June and July, and the
highest concentrations occurred in the first two flow events in August. Concentrations of alkalinity averaged
2.33 mg C/L and ranged from 0.53 to 4.20 mg C/L (Figure 2b). Low alkalinity concentrations generally occurred
during high flow events, with the lowest concentrations occurring in May (Figure 2b). There were occasional
peaks in DOC concentration and drops in alkalinity that co-occurred during precipitation events (as reported by
local NOAA weather station PAJN) that did not cause a measurable change in flows for either our pressure
transducer or the downstream NWS gauge.
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Figure 2. Hourly streamflow (m*/s) and concentrations of (a) dissolved organic carbon (DOC) and (b) alkalinity (mg C/L) in
Kaxdigoowu Héen (Montana Creek), Alaska for the May through November 2021 sampling period.
Concentrations of DOC typically were elevated during periods of high flow over the entire study period (Figures 3
and 4a). However, this relationship varied with DOC concentrations of <4.0 mg C/L observed in May and June,
but spanned concentrations of <1.0 mg C/L to >10.0 mg C/L later in the summer and early autumn (Figure 5). In
contrast, alkalinity concentrations exhibited a non-linear decrease as discharge increased over the study period
(Figures 3 and 4b). Alkalinity concentrations did not surpass 2.0 mg C/L until July and peaked at 4.2 mg C/L in
early August but did not exceed 4 mg C/L for the remainder of the sampling
period. Values for 8'*C-DIC ranged from —5.0 to —11.6%. with a mean of
3 - — Discharge —6.8%o (Figure S2 in Supporting Information S1). Although &'*C-DIC values
— DOC . .
Al did not show a strong seasonal pattern across the study period, values showed
Q0 N a mild, negative correlation with discharge (> = 0.17, p = 0.04) and were
- - generally the most depleted during periods of high flow (particularly during
~Q - Lo g the large storm in August). This is consistent with the flushing of alkalinity
% \E that is derived mainly from biogenic sources in adjacent terrestrial ecosystems
\g“’ i e E (Duvert et al., 2019).
2T ]
% L - The relationship between DOC and discharge was more linear (** =0.75) and
n
a2 8 constrained in May (Figure 5a), which had both the smallest range of DOC
\ e 8 concentrations and measured discharge, compared to other months.
o - Discharge and DOC also had a strong linear fit in June, (+* = 0.76; Figure 5b);
\ [\ - however, data points were more scattered in July resulting in a weaker linear
- __JL_/ S s — . fit (©* = 0.42; Figure 5c). The widest range of flow conditions and DOC
\ T T T \ \ T concentrations were measured in August (Figure 5d), which resulted in a
2021-08.08 2021-08-10 20210812 2021-08-14 more complex CQ pattern than other months. Specifically, the August CQ
Day

Figure 3. Hourly streamflow (m*/s) and concentrations of dissolved organic
carbon (DOC) and alkalinity (Alk) (mg C/L) in Kaxdigoowu Héen (Montana
Creek) during the first four storms in August (A1-A4), A4 was the storm
with the highest flows during our sampling period.

relationship became more asymptotic than linear, with sharp decreases in
concentration that occurred at varying stages of flow. This pattern transi-
tioned into September and October (Figures Se and 5f), when an asymptotic
relationship remained but concentrations of DOC dropped at similar
discharge values, resulting in a more consistent asymptotic pattern relative to
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Figure 4. Hourly concentration data (mg C/L) for (a) dissolved organic carbon (DOC) and (b) alkalinity versus discharge
(m®/s) in Kaxdigoowu Héen (Montana Creek), Alaska across the entire study period. The discharge measurements have been
log transformed but values on the x-axis represent discharge in m*/s for ease of interpretation. Every other x-axis tick
represents a ten-fold increase in discharge. Data points are colored by date.

August. There was also a decreased range of DOC concentrations under comparable flow conditions from
September (Figure Se) into October (Figure 5f).

Similar to DOC, alkalinity had the strongest linear relationship in May (* = 0.66) and June (* = 0.78) (Figures 6a
and 6b). Progressing from June to August, the range of flow conditions and alkalinity concentrations broadened
(Figures 6¢ and 6d). The CQ relationship become more asymptotic in July and August. The pattern of elevated
concentrations at low flows and asymptotic behavior with decreasing concentrations at higher flows became more
consistent in September (Figure 6e) and October (Figure 6f).

a. May b. June c. July

0.1 1.0 10.0 0.1 1.0 10.0 0.1 1.0 10.0

DOC (mg C/L)

0.1 1.0 16.0 0.1 1.0 10‘.0
Discharge (m®/s)

Figure 5. Hourly dissolved organic carbon (DOC) concentration (mg C/L) versus discharge (m®/s; log scale) in Kaxdigoowu Héen (Montana Creek), Alaska separated
by month.
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Figure 6. Hourly alkalinity concentration (mg C/L) versus discharge (m*/s; log scale) in Kaxdigoowu Héen (Montana Creek), Alaska separated by month.

3.3. b Values for the Sampling Period

Across the sampling period, the average b values for the power law model between runoff versus DOC and
alkalinity yields were 1.58 and 0.48, respectively (Figure 7). The overall fit for the sampling period was similar to
the relationships for individual storms (Table 1). For DOC, the b value was greater than one for every storm (mean
b =1.42), except for the fourth storm in August (A4, Table 1), when the b value was just below one (b = 0.99). For
alkalinity, b values for most storms were less than one, with a mean b value for all of storms equal to 0.50, which is
in line with the b value for the entire sampling period. For alkalinity, A4 was the highest flow event of the
sampling period and the only storm with a b value above 1 (b = 1.02).
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Figure 7. Power law relationship (solid line) between yields (kg/kmz/h) of (a) dissolved organic carbon (DOC;
y=0.73 + 1.58x, r* = 0.81, p < 0.001) and (b) alkalinity (y = 0.05 + 0.48x, 7 = 0.65, p < 0.001) and mm/h of runoff in
Kaxdigoowu Héen (Montana Creek), Alaska. Dashed line follows a one-to-one slope.
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Table 1

Measured Indices for Each Storm Include Starting Date and Maximum Flow and for Dissolved Organic Carbon (DOC) and
Alkalinity, Include the b Value for the Power Law Relationship for an Individual Storm and r* for the Fit of the Line and

Hysteresis Index (HI) on a Scale From —1 to 1, With Negative Numbers Indicating Counterclockwise Hysteresis and Positive
Numbers Indicating Clockwise Hysteresis

Storm Date start Max flow (cms) DOC b (%) Alkalinity b (%) DOC HI Alkalinity HI
Ml 5/13/21 3.93 1.426 (0.99) 0.333 (0.95) 0.002 0.273
M2 5/20/21 4.47 1.397(0.96) 0.351 (0.96) —0.439 0.065
IN1 6/15/21 5.40 1.654 (0.86) 0.472 (0.90) —0.451 0.247
IN2 6/20/21 3.68 1.673 (0.87) 0.455 (0.90) —0.451 0.225
IN3 6/23/21 3.29 1.763 (0.95) 0.447 (0.93) —0.337 0.202
JU1 7/12/21 2.54 1.769 (0.79) 0.538 (0.77) —0.398 0.265
Ju2 7/13/21 1.84 1.613 (0.95) 0.401 (0.75) —0.253 0.206
Al 8/8/21 2.81 1.514 (0.81) 0.437 (0.47) —0.584 0.384
A2 8/10/21 5.44 1.219 (0.98) 0.582 (0.94) —0.491 0.224
A3 8/11/21 1.61 1.379 (0.97) 0.465 (0.87) —0.361 0.199
A4 8/12/21 24.69 0.992 (0.99) 1.020 (0.76) 0.515 0.131
A5 8/27/21 10.17 1.298 (0.98) 0.538 (0.95) —0.091 0.141
S1 9/3/21 5.62 1.286(0.96) 0.507 (0.79) —0.316 0.150
S2 9/11/21 8.89 1.470 (0.98) 0.558 (0.96) —0.333 0.122
S3 9/13/21 2.21 1.248 (0.94) 0.450 (0.74) —0.403 0.259
S4 9/14/21 1.61 1.457 (0.95) 0.453 (0.77) —0.677 0.480
S5 9/15/21 2.36 1.554 (0.94) 0.386 (0.67) —0.355 0.226
S6 9/20/21 8.60 1.376 (0.94) 0.491 (0.84) —0.117 0.049
S7 9/23/21 5.25 1.302 (0.94) 0.545 (0.85) —0.686 0.482
01 10/1/21 2.14 1.330 (0.96) 0.484 (0.82) —0.566 0.481
02 10/7/21 3.10 1.421 (0.88) 0.490 (0.86) —0.403 0.293
03 10/13/21 6.07 1.267 (0.99) 0.550 (0.96) —0.224 0.095
04 10/27/21 5.53 1.230 (0.97) 0.517 (0.86) —0.497 0.273

Note. Storms were delineated by their month (first letter of the month in which they occurred; JN for June and JU for July) and
number order within that month.

3.4. Slope Coefficients (b Values) and Hysteresis Metrics for Individual Storms

The b value for alkalinity and DOC and starting dates for each storm were significantly correlated. For DOC, this
relationship was negative (> = 0.24, p = 0.02; Figure 8a), with the b value for storms decreasing from May to
November but still demonstrating transport limitation. Alkalinity showed a non-significant positive trend between
the date and b value for each storm (+* = 0.07, p = 0.21; Figure 8b), with the b value increasing over the sampling
period but still demonstrating source limitation. The first two storms of the season (M1 and M2) were rain on
seasonally accumulated snowpack events that weighted the linear model fit for both alkalinity and DOC
(Figures 8a and 8b). Removing those two outliers from the regression, on the basis of their hydrologic dissim-
ilarity from the rest of the year's storms, resulted in a better fit for DOC (+* = 0.40, p = 0.002; Figure 8a). For
alkalinity, with M1 and M2 removed there was not a significant relationship between storm timing and the b value
for each storm (* = 0.003, p = 0.83; Figure 8b). Similarly, the fourth storm in August (A4) drove DOC and
alkalinity toward chemostasis.

The hysteresis index for DOC was typically negative and characterized by counterclockwise hysteresis during
storms across the study period (mean HI = —0.34; Table 1). There were two instances, the first storm in May (M 1)
and fourth storm in August (A4), when DOC did not follow this trend, but rather showed clockwise hysteresis.
Alkalinity consistently had a positive HI, demonstrating clockwise hysteresis (mean HI = 0.24). For a few storm
sequences, when storms followed in close succession (within 2 or 3 days of one another), the HI for both alkalinity
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Figure 8. Slope coefficients (b values) for individual storms over the sampling period for (a) dissolved organic carbon (DOC)
and (b) alkalinity in Kaxdigoowu Héen (Montana Creek), Alaska. The blue line represents the linear fit for all of the storms
(DOC: y = 38.850-0.002x, * = 0.24, p = 0.02; Alkalinity: y = —13.52 + 0.0007x, r* = 0.07, p = 0.21). The dotted line
represents the linear fit excluding M1 and M2, which were both rain on snow events in early May (DOC: y = 62.035-0.003x,
? = 0.40, p = 0.002; Alkalinity: y = —2.583 + 0.0001x, r* = 0.003, p = 0.83).

and DOC moved closer to zero with each subsequent storm. For example, in the first three storms in August (A1—
A3; Table 1), the widest range of DOC concentrations between the ascending and descending limb was observed
during the first storm (A1). For the following storm (A2), the range of DOC concentrations was narrow and did
not return to the level at which the first storm started (Figure 9a). For the same set of storms in August, alkalinity
also had a HI that moved toward zero; however, this was because alkalinity concentrations were not rebounding to
the highest concentration of the first storm, with each subsequent flow event (Figure 9b). This pattern was seen in
the following sets of storms: JN2 and JN3, JUI and JU2, and Al through A4. Overall, HI values for DOC
generally decreased across the study period, while values for alkalinity increased (Table 1). This seasonal pattern
resulted in a negative correlation between HI values for DOC and alkalinity (P =0.36, p <0.01).

4. Discussion

We found contrasting seasonal and storm event-driven variation in the relationship between dissolved carbon
concentrations and discharge. Concentrations of DOC and alkalinity showed contrasting responses to discharge,
as DOC concentrations increased and alkalinity decreased with increasing streamflow (Figures 2 and 3). The
negative relationship between HI values and carbon species further supports the notion that DOC and alkalinity
have different sources and transport pathways in our study watershed. The relationship between discharge and
concentrations of DOC and alkalinity can be variable and dependent on several factors including land-cover,
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Figure 9. Normalized hysteresis plots of storms for the first three storms in August (A1, A2, and A3) in Kaxdigoowu Héen
(Montana Creek), Alaska for (a) dissolved organic carbon (DOC) and (b) alkalinity. Each arrow represents an hourly
measurement and arrows point in the direction of the passage of time.
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underlying geology, season, and hydrology (Chaplot & Mutema, 2021; Jantze et al., 2015; Leach et al., 2016;
Perdrial et al., 2014). However, similar patterns in CQ for DOC and alkalinity have been found in other high
latitude watersheds (Koch et al., 2021). For both DOC and alkalinity, the relationship shifted from a more
constrained and linear relationship in the spring to a broader and non-linear pattern in July and August, then a
more repetitive and asymptotic pattern during the autumn rainy season (Figures 5 and 6). Our results provide
evidence that antecedent flow conditions (i.e., storms in close succession) impacted the concentration of DOC and
alkalinity in storms that followed (Figure 9, Table 1), with DOC and alkalinity concentrations starting from a
higher or lower baseline, respectively, when storms follow in close succession. Elucidating the interactions
between season, antecedent conditions, and CQ relationships for multiple forms of carbon will become more
important to watershed carbon budgets as hydrologic extremes become more common (McMillan et al., 2018).

4.1. Seasonal Changes in Dissolved Organic Carbon and Alkalinity Sources and Flowpath

Seasonal shifts in CQ relationships likely result from differing flowpaths and sources of DOC (Sanderman
et al., 2009) and alkalinity (Campeau et al., 2017) within the study watershed, with flowpaths strongly influencing
how different sources of DOC and DIC are mobilized to streams and processed before reaching surface waters
(Douglas et al., 2013; Johnson et al., 2011; Wen et al., 2022). In the spring, snowmelt-driven flushing of DOC
from saturated soils (Boyer et al., 1997) likely contributed to the initially linear and constrained relationship we
observed between flow and DOC (Figures 5a and 5b). A buildup of DOC in soil waters from heterotrophic
breakdown of soil carbon is thought to be the main contributor of DOC during winter and spring months (Brooks
et al., 1999). The mid-summer months coincide with the broadest range of flow conditions and DOC concen-
trations (Figures 5c and 5d). Low flow periods in June through August are dominated by groundwater inputs to
streamwater and thus can be low in DOC, likely due to microbial processing of DOC and mineral sorption along
soil flowpaths (Kaiser & Kalbitz, 2012). In contrast, rain events during this period can mobilize pools of high
concentration DOC, connecting watershed sources (organic rich soil horizons, stemflow, and throughfall) to
surface waters (Behnke et al., 2022) via shallow sub-subsurface flowpaths. From mid-August through October,
decomposition and leaf senescence likely contribute to the DOC pool (Singh et al., 2014). Hydrologic connec-
tivity within the watershed is also high during the late summer/fall wet season due to frequent rain events, and
dilution from storm events may contribute to our observed reduced DOC concentrations, negative trend in b
values, and overall decrease in HI values (Figures Se and 5f, Table 1).

While DOC is primarily biologically sourced and transported to surface water via shallow subsurface flowpaths,
alkalinity in the study watershed appears to have a primarily geologic source (mean: 8'*C-DIC = —6.8%o, Figure
S2 in Supporting Information S1, Campeau et al., 2017). Previous research has shown that corresponding in-
creases in DIC concentration and an enrichment in 8'*C-DIC values are indicative of zones of groundwater input
to surface water (Doctor et al., 2008; Duvert et al., 2018, 2019). These studies support our hypothesis that
alkalinity is derived mainly from geologic sources in our study watershed, particularly during periods of low flow
when groundwater inputs to surface flow are likely the highest. Low concentrations of alkalinity in May are likely
related to frozen and/or saturated soils and the predominance of shallow near-surface flowpaths that do not allow
for sufficient contact time with underlying bedrock. This contrasts with studies that have found that inorganic
carbon can build up in the snowpack, leading to higher concentrations at the onset of snowmelt (Dinsmore
etal., 2011; Sakamoto et al., 1999), which were not observed in our study. Higher concentrations in June through
August are likely related to undiluted (i.e., by rainwater) groundwater flowpaths and temperatures that increase
rock weathering (Gaillardet et al., 2019) and production of CO, instream and in soils (Li et al., 2010). Given that
alkalinity is likely predominantly geologically derived in our watershed and is delivered to surface waters during
periods of low flow when high groundwater inflow rates are likely highest, reduced concentrations in September
and October may be related to reduced temperatures limiting alkalinity production. Lower alkalinity could also be
attributed to the frequent flushing of shallow subsurface flowpaths that interact less with bedrock compared to
groundwater flowpaths.

4.2. Trends in Power Law Functions (b Values) Between Runoff and Carbon Yields

The overall and individual storm b values reflect differences in source and mobilization of DOC and alkalinity.
For DOC, the overall b value was >1 and indicates transport limitation within the watershed across the study
period. The presence of watershed wetland coverage has been shown to be associated with transport limitation for
DOC (Zarnetske et al., 2018). Given the wetland coverage of 7%, expansive forest, and carbon rich soils in the
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watershed (D'Amore et al., 2015), we expected to see transport limitation for DOC. However, alkalinity was
strongly source limited (b value < 1), which corroborates that groundwater was likely the primary source for
alkalinity (Duvert et al., 2018).

Seasonal trends in the b values for individual storms suggested that DOC over our sampling period became less
transport limited as the b value shifted from a peak of 1.76 (JU2 r* = 0.79) in June and July toward 1.23 (04
r* = 0.97) in October (Table 1). Removing the two early season rain on snow events that were hydrologically
dissimilar from the rest of the year further strengthens the observed pattern of decreasing transport limitation
across the study period. The June and July high b values could be related to ample DOC production in soils and
infrequent storms that deliver abundant DOC to streamwater but at the same time, do not exhaust terrestrial source
pools. However, in September and October, mobilization of DOC from frequent storm events in a more hy-
drologically connected watershed, could lead to a b value closer to one. This suggests that under increasingly wet
hydrologic conditions, the export of DOC switches from transport to source limitation.

For individual storms, alkalinity b values were below one except during the largest storm of the season that
occurred in mid-August (A4), indicating source limitation over the sampling period (Table 1). The trend in b
values was positive over the sampling period but removing the two early season rain-on-snow events resulted in a
non-significant relationship between storm date and alkalinity b values (Figure 8b). The lack of seasonal re-
lationships supports the hypothesis that alkalinity production is primarily through rock weathering reactions, this
contrasts with other watersheds where inorganic carbon is primarily produced by seasonally influenced biological
processes (e.g., soil mineralization, root respiration; Campeau et al., 2019).

4.3. Individual Storms and Inter-Storm Dynamics

Hysteresis patterns and b values indicated that relationships between flow and concentrations differed over the
sampling period. Other studies have found similar overall hysteresis directions and b values for DOC and DIC for
individual storms (Koch et al., 2021; Li et al., 2022). For DOC, CCW hysteresis indicates mobilization of more
distal or slower to mobilize (e.g., wetland) sources of DOC reaching surface waters later in the storm. For
alkalinity, CW hysteresis indicates a dilution of proximate sources. Given that HI values and direction showed no
correlation with the time of year, we expect that the primary location of these sources of DOC or alkalinity are not
changing seasonally. Wetland landcover is typically associated with CCW hysteresis for DOC, as observed in the
study watershed, although HI values for DOC have been shown to vary depending on other factors including land
cover, wetland location, and season (Ducharme et al., 2021; Finlay et al., 2006; Vaughan et al., 2017). For DOC,
the HI switched direction to CW twice over the study period (Table 1). The first storm in the spring (M1) had CW
hysteresis, potentially related to the existing snowpack, frozen soils and predominance of near surface flowpaths.
The largest storm in August (A4) also had a switch in HI direction and the lowest b value for DOC (Table 1). This
indicates that during this high flow event, DOC switched from transport limitation to chemostasis when DOC
production and mobilization matched runoff as the event progressed.

There was some evidence that antecedent conditions influenced hysteresis in DOC and alkalinity concentrations
(Figure 9). During June through August when a series of storms followed within 1-2 days of each other (Table 1;
JN2-JN3, JU1-JU2), the HI values for DOC and alkalinity approached zero with each subsequent storm, and in
one instance (Table 1; A1-A4), switched direction. This storm series shrinking hysteresis loop pattern has also
been noted for nitrate concentrations in an agriculturally influenced watershed (Lloyd et al., 2016a). Only three
sets of storms exhibited this kind of pattern over our 6-month sampling window, indicating that longer-term
monitoring would be needed to determine the significance of this pattern to watershed carbon dynamics. How-
ever, this does suggest that there is inter-storm connection of distal pools of high concentration DOC and inter-
storm dilution of alkalinity sources with frequent storms. Additionally, with DOC we found that there is the
potential to dilute source pools if a large storm occurs during high flow sequences (Table 1, A1-A4). In that same
storm series, alkalinity switched from source limited to chemostatic (Table 1, A1-A4), indicating mobilization of
alkalinity sources that may not typically reach surface waters.

Storm events are significant in that they can export large quantities of DOC and DIC to downstream ecosystems
(Dalzell et al., 2007; Raymond & Saiers, 2010). Our findings suggest that storms in close succession have the
potential to deplete or dilute sources of DOC and mobilize disconnected sources of alkalinity. Therefore, any
storm's impact on dissolved carbon export could be impacted by antecedent conditions within the watershed,
including time of year and previous flow conditions. This corroborates other findings that show antecedent
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conditions such as soil moisture, wildfire history, prolonged drought, and freeze-thaw cycles can alter CQ re-
lationships (Biron et al., 1999; McMillan et al., 2018).

5. Conclusion

Our findings suggest that shifts in hydroclimate will likely impact DOC and alkalinity CQ relationships, altering
the timing and magnitude of carbon export from coastal watersheds in Southeast Alaska. Predicted increases in
the frequency and intensity of storm events in the region (Lader et al., 2020, 2022) will likely impact concen-
trations of DOC and alkalinity in surface waters, with larger storms having the potential to deplete DOC sources
depending on seasonal timing and antecedent conditions. Alternatively, prolonged dry periods in the summer may
lead to groundwater-driven flows with low DOC concentrations and high alkalinity. In this scenario, alkalinity
would have a proportionately larger contribution to watershed carbon export during these dry periods (Delbecq
etal., 2024). Storms that do occur during these dry periods may readily mobilize high concentrations of DOC. We
expect that interannual variability in weather patterns (i.e., dry vs. wet years) will alter the production and
mobilization of DOC and alkalinity. Because these different forms of carbon have different processes that
regulate their production and mobilization into surface waters, we would expect that biological sources of DOC
will be more altered by changes in hydroclimate in the region compared to inorganic carbon. A better under-
standing of streamwater carbon export during the winter months will become more important because increas-
ingly frequent rain on snow events (Musselman et al., 2018) may have different CQ relationships for DOC and
alkalinity that are poorly explained by data collected from spring through autumn.

Overall, our findings show that high resolution quantification of CQ relationships can further our understanding
of seasonal patterns and watershed-scale controls on dissolved carbon export from forested watersheds. Estab-
lishing a baseline understanding of event-scale and seasonal changes in CQ relationships can help watershed
scientists monitor how carbon CQ relationships are changing with year-to-year variation in hydrology and over
the longer term. This baseline understanding may also reveal how watershed biogeochemical and ecological
processes are altered by climate change (Schlesinger & Bernhardt, 2020) and land use (Han Lu et al., 2014;
Yamashita et al., 2011). As extreme storms and periods of drought become more common, understanding how
altered flow conditions interact with the production and mobilization of dissolved carbon will improve our un-
derstanding of the impact of hydroclimate shifts on watershed carbon cycling (Leach et al., 2016).
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